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ABSTRACT

In spite of numerous geophysical studies have been conducted in East African
Rift System and Southern Africa, the structure and evolution of the crust and upper
mantle are still controversial. In this study, we applied multiple seismological techniques
to investigate the structure in the crust and uppermost mantle beneath the East African
Rift System and Kalahari Craton in southern Africa. First, the technique of ambient noise
tomography was applied to image shear wave velocity model from surface to the depth of
40 km beneath the Malawi and Luangwa rift zones. For the first time, a high-resolution 3D shear wave velocity model was constructed in this region. Crustal thinning of several
kilometers was inferred beneath the two rift zones. The existence of a high velocity
anomaly in the mid crust beneath the Malawi Rift Zone could be best explained by the
higher-than-normal temperature as well as partial melt. Next, we utilized a non-linear
Bayesian Monte-Carlo joint inversion of surface wave dispersion and receiver functions
to investigate the lithospheric structure and evolution of the Kalahari Craton for the
second project. A well-constrained 3-D shear wave velocity model was obtained from
surface to the depth of 100 km. The Kalahari Craton has undergone several lithospheric
modifications including basalt depletion, magmatic intrusion, and lithospheric
refertilization. Finally, a crustal thickness-Vp/Vs stacking receiver function analysis was
applied in the Ethiopian Plateau and adjacent areas in northeastern Africa. The measured
crustal thickness and Vp/Vs values show clear spatial correspondence with the geological
observations on surface. The anomalously high crustal Vp/Vs measurements suggest the
pervasive existence of magmatic intrusion and partial melt in the study region.
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1. INTRODUCTION

We investigated the structure of crust and uppermost mantle beneath the East
African Rift System and Kalahari Craton in three parts by applying multiple
seismological techniques including receiver function analysis, ambient noise tomography,
and joint inversion of receiver functions and surface dispersion. In the first part, we
imaged the crustal velocity structure beneath the Malawi and Luangwa rift zones and
adjacent areas using ambient seismic noise tomography. Both the Malawi and Luangwa
rift zones belong to the Western Branch of the East African Rift System, which is one of
the most extensive rift system on Earth’s surface. Comparing with traditional surface
wave tomography, this method could improve inversion resolution at short periods
(usually shorter than 30 s) by utilizing higher frequency surface waves, and by reducing
the effects of the random occurrence of the sources. For the first time, a high-resolution
3-D shear wave velocity model from the surface to the depth of 40 km is obtained in this
region. From the velocity model, we observed thinning of the crust beneath both the
Malawi and Luangwa rift zones. We also made a comparison with other major
continental rifts to reveal their relationship with the presence or absence of syn-rifting
volcanism.
The second project is about investigating lithospheric structure and evolution of
southern Africa by applying a non-linear Bayesian Monte-Carlo joint inversion of surface
wave dispersion and receiver functions. Receiver functions improve vertical resolution by
being good at searching interfaces underground, such as the Moho discontinuity. Surface
wave dispersion could provide velocity information between stations to improve lateral
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resolution. For obtaining surface wave dispersion at short periods (shorter than 24 s), we
applied ambient seismic noise data, which could further improve the lateral resolution
comparing with those from earthquake data. By taking advantages from both data sets, a
well-constrained 3-D shear wave velocity model from surface to the depth of 100 km was
obtained. With this high-resolution model, we mainly discussed the evolution of two
Archean blocks, the Zimbabwe and Kaapvaal cratons, and the mobile belt at the collision
zone of the two cratons.
Finally, we applied a receiver function analysis to measure the crustal thickness
and Vp/Vs beneath the Afar Depression, Main Ethiopian Rift, and the Ethiopian Plateau.
The Afar Depression is the most developed section of the East African Rift System. The
Main Ethiopian Rift separates the Ethiopian Plateau into the western and eastern
Ethiopian Plateau. Thick sediments were observed in this area, which could mask the Pto-S conversions from the Moho on seismograms, leading to unreliable crustal thickness
and Vp/Vs ratio measurements. The significance of this project is to apply a designed
filter on original receiver functions to remove the reverberation effects caused by loose
sediments atop the crust. The overall high Vp/Vs value in the study area can be
interpreted as a combined result of continental flood basalts, magmatic intrusion, and
partial melting. Magmatic underplating models were proposed to interpret the relatively
low amplitude of the P-to-S converted phases from the Moho observed in the southern
part of the western Ethiopian Plateau and most parts of the Afar Depression.

3
PAPER

I. CRUSTAL STRUCTURE BENEATH THE MALAWI AND LUANGWARIFT
ZONES AND ADJACENT AREAS FROM AMBIENT NOISE TOMOGRAPHY

ABSTRACT

Crustal shear wave velocity structure beneath the Malawi Rift Zone and Luangwa
Rift Zone (MRZ and LRZ, respectively) and adjacent regions in southern Africa is
imaged using fundamental mode Rayleigh waves recorded by 31 SAFARI (Seismic
Arrays for African Rift Initiation) stations. Dispersion measurements estimated from
empirical Green's functions are used to construct 2-D phase velocity maps for periods
between 5 and 28 s. The resulting Rayleigh wave phase velocities demonstrate significant
lateral variations and are in general agreement with known geological features and
tectonic units within the study area. Subsequently, we invert Rayleigh wave phase
velocity dispersion curves to construct a 3-D shear wave velocity model. Beneath the
MRZ and LRZ, low velocity anomalies are found in the upper-most crust, probably
reflecting the sedimentary cover. The mid-crust of the MRZ is characterized by an ~3.7%
low velocity anomaly, which cannot be adequately explained by higher than normal
temperatures alone. Instead, other factors such as magmatic intrusion, partial melting, and
fluid-filled deep crustal faults might also play a role. Thinning of the crust of a few
kilometers beneath the rifts is revealed by the inversion. A compilation of crustal
thicknesses and velocities beneath the world's major continental rifts suggests that both
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the MRZ and LRZ are in the category of rifts beneath which the crust has not been
sufficiently thinned to produce widespread syn-rifting volcanisms.

1. INTRODUCTION

Developed between the Proterozoic Irumide Belt and Pan-African South Irumide
Belt (SIB), the Permo-Triassic Luangwa Rift Zone (LRZ; Figure 1) is considered to be a
section of the southwestern branch of the East African Rift System (EARS; Banks et al.,
1995; Fritz et al., 2013). To the east of the LRZ lies the N-S oriented Malawi Rift Zone
(MRZ), which is the southward extension of the non-volcanic western branch of the
EARS and resides within the SIB and the Mozambique Belt (Craig et al., 2011; Ebinger
et al., 1987; Lao-Davila et al., 2015). The earliest sediments (older than 4.0 Ma) in the
MRZ are fluviatile deposits in the northern part of the rift (Betzler & Ring, 1995;
Flannery & Rosendahl, 1990). The thickness of the sedimentary layers decreases
gradually toward the south, from up to 3 km at the northern part of the rift to near zero at
the southern end where the rift is floored by Precambrian rocks (Specht & Rosendahl,
1989). The MRZ is the youngest segment of the western branch of the EARS, initiated at
about 14 million years ago (Roberts et al., 2012). Volcanism in the MRZ is absent except
for the Rungwe volcanic province located at the northern tip of the rift (Ebinger et al.,
1989).
Relative to most of the more mature rifts, young and incipient rifts such as the
MRZ have been inadequately studied, and consequently, the mechanisms responsible for
the initiation and early-stage development of continental rifts remain enigmatic. One of
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the proposed rifting models involves the active upwelling of thermal materials from the
lower mantle to the upper mantle and crust, i.e., the active rifting model (e.g., Sengor &
Burke, 1978). However, for the MRZ, a recent study (Reed et al., 2016) of the
topography of the mantle transition zone discontinuities suggests the absence of thermal
anomalies in the vicinity of the mantle transition zone, an observation that is inconsistent
with the active rifting model. A lack of rifting-related mantle flow is also inferred from
shear wave splitting analysis (Reed et al., 2017), which is expected to be characterized by
either rift-parallel or orthogonal fast orientations (Gao et al., 1994, 1997). The
measurements are also in consistent with the existence of an active mantle plume. For an
active mantle plume beneath a stationary (relative to the underneath mantle) lithosphere,
the expected flow field and thus the fast orientations should have a radial pattern centered
at the plume stem (Druken et al., 2013), and for a plume beneath a moving plate, the
pattern is expected to be parabolic (Walker et al., 2001). The fast orientations observed in
the vicinity of the MRZ and LRZ are mostly parallel to the absolute plate motion
direction determined in the no-net-rotation reference frame, and thus there is no clear
rifting or plume related flow field (Reed et al., 2017).
In the study area, the crustal thickness revealed in the global scale CRUST1.0
model (Laske et al., 2013), which has a coarse 1° by 1° horizontal resolution, varies from
a minimum value of ~32 km at the central part of the MRZ to a maximum value of ~45
km in the southern part of the SIB. Higher resolution imaging of crustal velocity structure
and crustal thickness variations can provide valuable constraints on the rifting models.
Kim et al. (2009) estimated that the crustal thickness ranges from 34 ± 2 to 38 ± 2 km
beneath the southeastern end of the Rukwa rift, which is located north of the study area,
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using teleseismic receiver functions. By applying the receiver function method and joint
inversion of receiver functions and surface wave phase and group velocities, Kachingwe
et al. (2015) estimated that the mean crustal thickness beneath the Irumide Belt and SIB
is about 42 and 38 km, respectively. Tugume et al. (2012) calculated the average crustal
thickness of the Mozambique Belt and found a value of ~38 km using receiver functions,
and Borrego et al. (2018) utilized the receiver function and joint inversion analyses and
suggested that the crustal thickness ranges from 38 to 42 km beneath the northern end of
the Malawi rift.
Comparing with traditional surface-wave tomography methods for imaging
crustal velocity structures, ambient noise tomography (ANT) has an improved inversion
resolution by utilizing higher frequency surface waves, and by reducing the effects of the
random occurrence of the sources and the inhomogeneous distribution of the receivers
(e.g., Nolet & Dahlen, 2000; Ritzwoller et al., 2002; Shapiro et al., 2005; Shapiro &
Campillo, 2004; Spetzler et al., 2002). The velocity structure at the northern tip of the
MRZ has been revealed by Accardo et al. (2017) through ambient-noise and Rayleigh
wave phase velocities. This study expands the study area to the central and southern part
of the MRZ and is the first ANT study of the combined region of the MRZ and LRZ. In
this study, we obtain phase velocity maps at various periods by inverting phase velocity
dispersion measurements from empirical Green's functions (EGFs). Additionally, to more
directly image 3-D crustal structures, the phase velocities are inverted to construct a shear
wave velocity model. Resulting crustal velocities and estimated crustal thicknesses
beneath the MRZ and LRZ are then compared with those measured in other major
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continental rifts to reveal their relationship with the presence or absence of syn-rifting
volcanisms.

Figure 1. Topographic map of the study region showing tectonic provinces and seismic
stations used in this study (orange triangles). The gray lines represent 101 ray paths of
station pairs that provide reliable phase velocity dispersion measurements at the period of
28 s. The red dashed lines depict the boundaries of major orogenic belts within the study
area. The two black dashed lines, A–A′ and B–B′, are cross-sections shown in Figures 8
and 9, respectively.

2. DATA AND METHODS

2.1. DATA
The broadband seismic data used in the study were recorded by 31 portable
seismic stations, which are part of the Seismic Arrays for African Rift Initiation
(SAFARI) experiment conducted between mid-2012 and mid-2014 (Gao et al., 2013).
The data set has been archived at the Incorporated Research Institutions for Seismology
(IRIS) Data Management Center (DMC) and is publicly accessible.
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Equipped with Quanterra Q330 digitizers and Guralp CMG-3T 120 s sensors
recording at a continuous rate of 50 Hz, the portable stations were located within the area
of 29°E - 39°E, and 16.5°S - 10°S, along two profiles. The E-W profile is ~900 km long
consisting of 21 stations in Zambia, Malawi, and Mozambique. It traversed both the MRZ
and LRZ, approximately forming a right angle with the rifts (Figure 1). The N-S profile is
about 600 km long with 10 stations installed along the western shoulder of the MRZ
except for the southernmost several stations which were approximately located along the
rift axis (Figure 1). We requested continuous vertical-component waveform data from the
DMC for the period of 1/1/2013 to 12/31/2013, each with a length of one day. The
seismograms are resampled to 5 samples per second for the study.

2.2. METHODS
The ANT technique has been discussed in detail by numerous studies (Sabra et
al., 2005; Shapiro et al., 2005; Shapiro & Campillo, 2004; Weaver, 2005; Weaver &
Lobkis, 2004). It is generally believed that ambient noise source would be more efficient
in generating Rayleigh waves than Love waves. Additionally, uncertainties of phase
velocity measurements are much smaller than those of group velocity measurements, and
phase velocities have the ability to constrain deeper velocity structures than group
velocities at the same periods (Lin et al., 2008). Therefore, in this study, we utilize the
vertical component of cross correlations of ambient seismic noise to retrieve Rayleigh
wave phase velocity dispersion curves. The processing procedure that we use here
includes four main steps: (1) preprocessing for single station, (2) cross-correlations and
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temporal stacking, (3) phase velocity dispersion measurements, and (4) phase velocity
variations from EGFs and inversion for shear wave velocity structures.
2.2.1. Single Station Preprocessing. The primary purpose for single station
preprocessing is to extract broadband ambient seismic noise. The procedure we use here
is similar to that discussed in Bensen et al. (2007), and is briefly described below.
After the mean, linear trend, and the instrumental response of the daily noise time
series are removed, a second-order Butterworth filter in the frequency range of 0.025 0.5 Hz is applied. Subsequently, temporal normalization, which is regarded as the most
important step in the preprocessing stage, is applied to reduce the effects from
earthquakes, instrumental irregularities, and nonstationary noise around the stations.
Spectral whitening is then applied to produce broader-band ambient noise signals by
reducing broad imbalances in single-station spectra and to prevent degradation caused by
persistent nearly monochromatic sources (Bensen et al., 2007).
2.2.2. Cross-Correlation and Temporal Stacking. The next step is to compute
cross-correlation series and perform temporal stacking. A daily cross-correlation between
every station pair is performed to obtain a two-sided EGF. The total number of possible
cross-correlation series is 𝑁 = 𝑛(𝑛 − 1)/2, where 𝑛 is the number of stations. Since
there are 31 stations in total, 465 possible inter-station cross-correlation series are
produced.
After the daily cross-correlations between all the station pairs are obtained, all the
daily cross-correlation series for each of the station pairs are stacked to obtain a stacked
cross-correlation series. The causal and acausal signals are symmetrically averaged to
enhance the signal-to-noise ratio (SNR). Due to the heterogeneous distribution of the
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noise sources, the resulting cross-correlation functions are slightly asymmetrical. Finally,
by taking a negative time derivative of the stacked cross-correlation series, the Rayleigh
wave EGFs are obtained. Figure 2 shows raypaths and cross-correlation series between
station W01PD and all the other stations.

Figure 2. (a) Bouguer gravity anomalies extracted from the World Gravity Map
(WGM2012). The white lines show ray-paths of station W01PD with other stations. (b)
2–40 s band-pass filtered cross-correlation functions between station W01PD and the
other stations.

2.2.3. Phase Velocity Dispersion Measurements. Based on a modified far-field
approximation and an image transformation analysis technique (Yao et al., 2005, 2006,
2010), phase velocity dispersion curves are estimated from the EGFs. A quality control
procedure is applied prior to computation of the dispersion curves to remove unreliable
cross-correlation series, which are mainly caused by 1) the distance between the two
stations in a station pair being either too long or too short, or 2) the quality of seismic
data being not high enough.
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Accordingly, we impose three selection criteria in order to obtain reliable
dispersion measurements and to reject those contaminated by interference between the
causal and acausal signals (Bensen et al., 2007). First, following the far-field
approximation approach, the distance between the two stations in a given station pair
should be at least three times of the longest wavelength, which is the product of the cutoff period and the corresponding phase velocity. In this study, the longest period of the
dispersion measurements that we produced is 28 s, resulting in a minimum acceptable
inter-station distance of 336 km for a typical phase velocity of 4 km/s (300 measurements
are discarded by this criterion). Second, we calculate the SNR for every cross-correlation
series and exclude phase velocity measurements with a SNR smaller than 5. The SNR
here is defined as the ratio of the maximum amplitude within the signal window to the
root-mean-square amplitude in a window of 150 s long following the signal window.
Third, we perform clustering analysis to reject station pairs with large uncertainties in
dispersion measurements (e.g., Ritzwoller & Levshin, 1998). Based on a similar cluster
analysis in Bensen et al. (2007), we retain the phase velocity dispersion curves that are
similar to a global model (Shapiro & Ritzwoller, 2002), and discard the ones with
substantial velocity difference from the model prediction.
Because EGF-derived phase velocity measurements are only robust enough in the
period range of 5 to 28 s and become unreliable outside this range (Yao et al., 2006),
measurements at periods shorter than 5 s and longer than 28 s are not used for generating
the phase velocity maps in the next step. Examples of Rayleigh wave phase velocity
measurements along different ray paths are shown in Figure 3.
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Figure 3. Examples of Rayleigh wave phase velocity dispersion curves. (a) 29 phase
velocity dispersion curves for ray-paths traversing the MRZ (red) and the corresponding
averaged phase velocity curve (black). The error bar shows one standard deviation. (b)
Same as (a) but for 21 ray-paths that avoid the MRZ (green curves). (c) Comparison of
the averaged phase velocity curves (red: traversing MRZ; green: off MRZ).

2.2.4. Phase Velocity Maps and Inversion for Shear Wave Velocities. Phase
velocity measurements obtained from the previous step are inverted with the technique of
Tarantola & Valette (1982) and Tarantola & Nercessian (1984) to obtain Rayleigh wave
phase velocity maps for periods between 5 and 28 s with an interval of 1 s, a horizontal
grid dimension of 0.12° × 0.12°, and a sampling step of 0.03°. In order to only display
the area with relatively reliable phase velocities, the study area is meshed by squares of
0.12° × 0.12°, and only grids with at least one ray path are retained.
To create a 3-D shear wave velocity model of the study area, we next invert the
phase velocity dispersion curve at each of the model nodes to obtain depth distribution of
shear wave velocities at the nodes from the surface to 40 km depth by adopting the surf96
computer program (Herrmann & Ammon, 2004). For constructing the initial model for
the inversion, the layer thickness is fixed to be 1 km over the depth range, and initial
crustal thicknesses are taken from the CRUST1.0 global model with the thickest crust of

13
45 km at the central part of the MRZ, the thinnest crust of 32 km at the northern part of
the MRZ, and an average value of about 40 km. Densities and velocities are extracted
from the IASP91 Earth model (Kennett & Engdahl, 1991). Low velocities in the top
layers of the initial model are assigned to areas covered by water or a layer of loose
sediments. The final 3-D shear wave velocity model is determined by integrating all the
resulting shear velocity profiles.

3. RESULTS

3.1. PHASE VELOCITY TOMOGRAPHY
Based on the criteria discussed in Section 2.2.3, a total of 120 dispersion
measurements are eventually selected from the 465 possible station pairs, and 2-D phase
velocity maps with 0.12° × 0.12° spatial grids are constructed using the dispersion
measurements. Figure 4 shows phase velocity maps at the period of 5, 16, 20, and 28 s.
The number of ray paths is 120, 119, 117, and 101, respectively, so that only minor
changes for the ray-path coverages could be observed. Phase velocity sensitivity kernels
for the above periods are calculated based on the IASP91 Earth model (Figure 5a). The
depth with the maximum sensitivity is approximately 6, 20, 28, and 40 km, respectively,
for the above periods. Sensitivity kernels are also calculated based on the IASP91 model
with slight modifications to reflect loose sedimentary layers (Figure 5b). The maximum
sensitivity for the period of 5 s moves from 6 km to 7 km deep, and no influence of the
low velocity layer is found for longer periods.
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Figure 4. Rayleigh wave phase velocity maps at the periods of 5, 16, 20, and 28 s. For
each map, the period is labelled in the lower right corner, and the velocities are indicated
by the scale bar.

At the period of 5 s, the low phase velocities found in the MRZ and LRZ most
likely reflect loose sediments and water, while relatively high velocities are revealed in
the SIB between the two rifts and the Mozambique Belt east of the MRZ (Figure 4). The
low (relative to the SIB) velocities beneath both rifts persist at the period of 16 s.
Continuing downward, at 20 s, velocities beneath the LRZ become comparable to those
of the SIB, and low velocities beneath the MRZ are still present. At 28 s, the polarity of
relative velocity contrast between the rifts and the SIB reverses. For all the periods, phase
velocities beneath the SIB are comparable to those observed in other stable cratonic areas
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such as Central North America (e.g., Shen et al., 2013a, 2013b, and Shen & Ritzwoller,
2016).

Figure 5. Shear wave sensitivity kernels for Rayleigh wave phase velocities at different
periods and initial models for the inversion of shear wave velocities. (a) Sensitivity
curves calculated based on the IASP91 Earth model. C is the phase velocity and Vs is the
shear wave velocity. (b) Same as (a), but with a 2 km low velocity layer (3 km/s) to
reflect the loose sediments. (c) Initial model generated based on the IASP91 Earth model.
(d) Same as (c), but a low velocity layer (3 km/s) is added to replace the uppermost 2 km
of the IASP91 model.

3.2. RESOLUTION TEST
To test the resolution of the resulting spatial distribution of phase velocities at
different periods, standard synthetic checkerboard tests are conducted (Figure 6). For
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each of the periods, the input velocity model is composed of alternating positive and
negative velocity anomalies with a 5% magnitude relative to 4 km/s in 1.5° ×1.5° blocks
(Figure 6a).

Figure 6. Horizontal checkerboard model and its reconstructions at different periods.
Stations are depicted with black triangles. The colors represent velocities with positive
and negative 5% perturbations relative to a reference velocity of 4 km/s. (a) The input
checkerboard model. (b) - (e) The recovered velocities for the periods of 5, 16, 20, and 28
s, respectively.
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Figures 6b - 6e show the recovered velocity models for the periods of 5, 16, 20,
and 28 s obtained using the same ray-path coverage and inversion parameters as those
used for inverting the observed data. The synthetic inversion results indicate that the
reconstruction of the input model at different periods is understandably the best along the
E-W and N-S trending arrays, because this is where crossing rays are dense (Figure 1),
and is generally poor in the off-profile areas due to limited ray coverage. Consequently,
in the following we focus our discussions on results along the two profiles.

3.3. SHEAR WAVE VELOCITY STRUCTURES
According to the sensitivity kernels and initial models (Figure 5), the phase
velocity of Rayleigh waves is most sensitive to shear velocities (Vs) at the depth of about
1/3 of the wavelength (Yang et al., 2010). To more realistically reflect the velocity
distribution at a given depth, we further invert phase velocities to obtain shear wave
velocities and construct Vs maps at different depth using the procedure of Herrmann &
Ammon (2004). The results are shown on 2-D horizontal slices (Figure 7) and vertical
profiles (Figures 8 and 9). Vs variations with depth are also extracted at several
representative locations to facilitate comparison (Figures 8c and 9c).
Similar to the phase velocities (Figure 4), the resulting shear velocities in the
uppermost crust (0 - 5 km) beneath the MRZ are the lowest in the study area. Relative to
the SIB, the observed Vs values are about 3.5% lower in the top 15 km beneath the MRZ
(Figure 8c). On the N-S trending vertical profile (Figure 9b), the central MRZ
demonstrates the lowest velocities in the top 15 km.
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Figure 7. Horizontal shear wave velocity slices at different depths. (a) 5 km. (b) 20 km.
(c) 28 km. (d) 40 km.

At greater depth in the mid-crust, low Vs anomalies are visible beneath the MRZ
from horizontal velocity maps at depth slices of 20 and 28 km (Figures 7b and c). The EW trending profile (Figure 8c) indicates that the MRZ is delineated by low velocities to
about 30 km depth relative to the SIB, and in the depth range of 15-30 km, the southern
and central MRZ have similar velocities (Figure 9c).
In the depth range of 30 to 40 km, high Vs values relative to the SIB are
pervasively found beneath the MRZ (Figures 7 and 8). For instance, on the horizontal
velocity slice at 40 km (Figure 7d), Vs underneath the MRZ reaches 4.30 km/s. The
sudden velocity increase with depth can also be observed on the extracted vertical
velocity profiles for the MRZ (Figures 8c and 9c). These velocities are higher than the
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globally averaged lower-crustal shear wave velocity (3.75 km/s in the IASP91 Earth
model).

Figure 8. (a) Surface elevation and major geological features along W-E Profile A-A′
shown in Figure 1. Triangles are seismic stations. MB: Mozambique Belt. (b) Shear wave
velocities along the profile. (c) Depth variation of shear wave velocities extracted from
the black dashed lines in (b).

Figure 9. Same as Figure 8 but for N-S Profile B-B′ shown in Figure 1. CMR: Central
Malawi Rift. SMR: Southern Malawi Rift.
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Due to the available ray path coverage, only the central part of the LRZ has
reliable Vs determinations. In the upper crust, the central LRZ is characterized by
pronounced low-velocity anomalies relative to the SIB (Figure 7a). On the vertical
profiles, the Vs observations in the LRZ (Figure 8c) are slightly higher than those
beneath the MRZ for the depth range of 0-20 km, and are lower than those of the SIB
from the surface to about 30 km. Similar to the MRZ, high velocities are revealed on the
depth slice of 40 km depth beneath the LRZ (Figure 7d).

4. DISCUSSION

4.1. CAUSES OF LOW CRUSTAL VELOCITIES BENEATH THE MRZ AND
LRZ
The negative Vs anomalies observed in the top several kilometers beneath the
MRZ (Figure 7a) most likely reflect the 0.7 km water and the up to 3 km loose
sedimentary layers (Betzler & Ring, 1995; Flannery & Rosendahl, 1990). Similarly, loose
sediments in the LRZ may be responsible for the observed low velocities in the
uppermost several kilometers beneath the LRZ, which is underlain by a layer of PermoTriassic clastic sediments (Banks et al., 1995) and is characterized by negative Bouguer
gravity anomalies (Figure 2a). Another contributing factor for the low velocities beneath
the MRZ and LRZ is deep penetrating faults (e.g., Yu et al., 2015 for the Okavango Rift),
whose existence is suggested by the frequent occurrence of earthquakes.
Higher than normal crustal temperatures can also contribute to the observed low
seismic velocities in the crust. The relatively high heat flow values (about 77 𝑚𝑊 ⁄𝑚2 )
and the numerous hot springs in the MRZ (Gondwe et al., 2012; Njinju et al., 2015) are
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indicative of a higher than normal crustal temperature. If we assume that the temperature
beneath the SIB at 25 km depth is 350 ℃, which is comparable to that of a typical
cratonic area (Blackwell, 1971), the observed heat flow value of 67 𝑚𝑊 ⁄𝑚2 in the SIB
(Njinju et al., 2015) suggests an average thermal conductivity of 4.79 𝑊 ⁄𝑚℃, a value
that is typical for crustal rocks (Birch & Clark, 1940). Interpreting seismic velocity
within the crust in terms of temperature is inherently complicated owing to non-linear
relationships between composition, density, and temperature for crustal rocks. Therefore,
a certain degree of uncertainty exists in the crustal temperatures.
The Vs beneath the MRZ at the depth of 25 km is about 0.13 km/s slower than
that beneath the SIB (Figure 8). Under the assumption that the observed low Vs anomaly
in the MRZ is entirely thermally induced, the scaling relationship 𝜕𝑉𝑠 ⁄𝑇 = 0.35 𝑚⁄𝑠𝐾
(Sumino & Anderson, 1982) results in a temperature anomaly of about 370 ℃ (and thus a
temperature of 720 ℃) relative to the SIB (beneath which the assumed temperature is 350
℃ at 25 km depth). Applying a thermal conductivity of 4.79 𝑊 ⁄𝑚℃ estimated above
and a temperature of 720 ℃ at the depth of 25 km beneath the MRZ, the anticipated heat
flow in the MRZ would be as high as 138 𝑚𝑊 ⁄𝑚2 , which is about 60 𝑚𝑊 ⁄𝑚2 higher
than the observed value. Therefore, in spite of possible uncertainties in the assumed
temperatures and temperature velocity relationship, the large difference between the
observed and predicted heat flow values suggests that temperature anomalies alone are
insufficient to produce the observed low crustal velocities beneath the MRZ. Other
factors, such as fluid-filled deep penetrating faults, partial melting, and possibly
magmatic intrusion (Fagereng, 2013), may also be important factors for the observed low
velocities.
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4.2. CRUSTAL THICKNESS BENEATH THE RIFTS
For typical stable cratonic areas, Vs ranges from 3.9 to 4.2 km/s in the lower
crust, and over 4.2 km/s in the uppermost mantle (e.g., Schulte-Pelkum et al., 2017; Shen
et al., 2013a, 2013b; Shen & Ritzwoller, 2016). Based on these values, in the following
we estimate the crustal thickness (H) from the resulting velocity models by considering
Vs values of over 4.2 km/s as the velocities in the uppermost mantle, with the
understanding that for a given location, the Vs measurements obtained using ANT
represent the average over a vertical distance, and consequently, there is an uncertainty of
a few kilometers in the estimated H results. Using a different threshold Vs value would
result in different absolute crustal thicknesses, but the relative magnitude of the
topography of the Moho should not change significantly.
The Vs slice map at the depth of 40 km (Figure 7d) shows velocities that are
higher than 4.2 km/s beneath most of the MRZ and the central part of the LRZ,
suggesting that crustal thickness beneath the rifts is < 40 km. To obtain more detailed
estimates of the crustal thickness, we plot Vs slices at the depths of 32 - 38 km with an
interval of 2 km (Figure 10). At the depth of 38 km (Figure 10d), shear wave velocities
beneath the LRZ are lower than 4.2 km/s, which, when combined with the results at the
depth of 40 km (Figure 7d), indicate that the crustal thickness beneath the LRZ is most
likely between 38 and 40 km. Shear wave velocities beneath the MRZ reach about 4.2
km/s at the depth of 38 km but are lower than 4.2 km/s at the depth of 36 km, implying
that the Moho depth is between 36 and 38 km beneath most part of the MRZ, except for
the section between 13°S and 15°S latitudes, where a thicker crust with a depth between
38 and 40 km is present. Note that the accuracy of the estimated crustal thickness
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variations is dependent on uncertainties in crustal velocities. The resulting crustal
thinning beneath both rifts is significantly smaller than the Tanganyika Rift that is also
part of the western branch of the EARS, beneath which ~20% thinning is suggested
(Hodgson et al., 2017).
The mean shear wave velocities beneath the SIB and the Mozambique Belt at the
depth of 40 km are both lower than 4.2 km/s (Figures 7d and 8), indicating that H is > 40
km beneath both orogenic belts, a conclusion that is consistent with previous crustal
thickness observations obtained at several points using receiver functions (Kachingwe et
al., 2015).

4.3. COMPARISON WITH OTHER CONTINENTAL RIFTS
To put the resulting H and Vs observations obtained beneath the MRZ and LRZ in
a global context, we compare the H and Vs measurements at the mid-crustal depth of 20
km, which is termed as Vs(20), observed beneath the MRZ and LRZ with those obtained
at major Cenozoic continental rift zones elsewhere (Figure 11). The particular depth is at
approximately the middle of the crust and thus minimizes the influence of velocity
heterogeneities in the top-most layer, as well as magmatic underplating or eclogitization
that is common for the lower crust (Baird et al., 1995). For a given rift, H and Vs(20) are
taken at the location where the crust is the thinnest. For the Baikal Rift Zone (BRZ), and
the central and southern segments of the Kenya Rift (CKR and SKR, respectively), only
P-wave velocities are available, and consequently, Vs(20) is taken as Vp(20)/1.78 where
Vp(20) is the P-wave velocity at 20 km depth, and 1.78 is the mean crustal Vp/Vs
(Christensen, 1996). For the Main Ethiopian Rift (MER), the results from the active-
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source seismic study of Mackenzie et al. (2005) are used instead of those produced by
other lower-resolution techniques (e.g., Kim et al., 2012).

Figure 10. Horizontal shear wave velocity slices at different depths. (a) 32 km. (b) 34 km.
(c) 36 km. (d) 38 km.

The receiver function study at the BRZ (Gao et al., 2004) reported a minimum
crustal thickness of 35 km and suggested significant crustal thinning relative to the
neighboring Siberian Platform. In contrast, an active-source seismic reflection survey
(Thybo & Nielsen, 2009) suggested the existence of a high-velocity layer at the depth
range of about 30 - 40 km and attributed it to magmatic intrusions into the lower crust
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that compensate the expected crustal thinning. Given the inconsistencies between the two
results, the BRZ is represented by two points in Figure 11, where BRZ01 is based on the
active source seismic study (Thybo & Nielsen, 2009), and the crustal thickness of BRZ02
is from the receiver function study (Gao et al., 2004) while the corresponding Vs(20) is
taken from the active source seismic survey.

Figure 11. A compilation of Moho depths and shear wave velocities at the depth of 20 km
beneath the world's major continental rift zones. CKR: Central Kenya Rift (Maguire et
al., 1994); MER: Main Ethiopian Rift (Mackenzie et al., 2005); RGR: Rio Grande Rift
(Fu & Li, 2015; Gilbert, 2012); SKR: Southern Kenya Rift (Birt et al., 1997); SRZ:
Shanxi Rift Zone (Song et al., 2015); BRZ01: Baikal Rift Zone (Thybo and Nielsen,
2009); BRZ02: Baikal Rift Zone (Gao et al., 2004; Thybo and Nielsen, 2009). The blue
dashed line is the line of best fit of all the data points excluding BRZ01, and the ellipses
divide the rifts into three categories (see text for details).

A positive correlation between H and Vs(20) is observed (Figure 11), suggesting
that crustal extension leads to reduction of crustal velocities that is attributable to
temperature increase, existence of partial melting, magmatic intrusion, and the
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development of crustal scale boundary faults. On the basis of the relationship shown in
Figure 11, the rifts can be divided into three categories. Those in the first category (red
ellipse; Figure 11) include the MER and the CKR and the SKR belonging to the Eastern
Branch of the EARS. A 2-D wide-angle seismic reflection/refraction modeling is utilized
to calculate H and Vs(20) values beneath the MER. Information of H and Vs(20) for the
CKR and the SKR is obtained from a combined analysis of seismic refraction and gravity
data. The crustal thickness beneath those rifts is 32 km or less, and Vs(20) is ≤ 3.74
km/s. A common feature of the rifts in this category is the pervasive presence of riftingrelated volcanism (Keller et al., 1991). The second category (gray ellipse; Figure 11)
includes the BRZ if we assume that the Moho is beneath the high-velocity layer revealed
by seismic reflection data (Thybo & Nielsen, 2009). However, if we assume that this
layer is an underplated layer beneath the Moho, BRZ01, which is an apparent outlier on
the H-Vs(20) plot (Figure 11), becomes consistent with the rest of the rifts. The third
category (green ellipse; Figure 11) includes the MRZ and LRZ investigated in this study,
the Shanxi Rift Zone (SRZ) in northern China, the Rio Grande Rift (RGR) in North
America, and the BRZ02 if the receiver function results (Gao et al., 2004) are utilized.
For the SRZ, H and Vs(20) measurements are from the technique of ANT. Velocity
information beneath the RGR is from ANT method, while the H value is calculated by a
receiver function study. The crust thickness beneath these rifts is ≥ 34 km with a Vs(20)
that is higher than those in the first category. These rifts are characterized by an absence
or limited volcanism (Keller et al., 1991; Logatchev & Florensov, 1978).
Figure 11 suggests that volcanism is closely related to the magnitude of crustal
thinning. Indeed, except for the Rungwe Volcanic Province at its northern terminus, the
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MRZ is non-volcanic, indicating that the crust beneath the young rift has not been
thinned to the threshold value below which volcanism can develop. This nevertheless
does not exclude the possibility of igneous intrusion into the lower or even the upper
crust, as evidenced by the lower than normal shear wave velocities observed beneath the
rift (Figure 8).
Although it is tectonically inactive at the present time, the LRZ also possesses a
thinner crust relative to the surrounding area, and no rift related volcanic activities have
been reported (Sarafian et al., 2018), similarly suggesting that crustal extension
responsible for creating the Permo-Triassic rift did not reach the point of producing
volcanism. The lower than normal Vs in the upper crust observed beneath the LRZ may
suggest that crustal temperature remains higher than normal over the past 250 million
years since the cessation of the rifting process, which is unlikely. Alternatively, it may
suggest reactivation of the failed rift (Banks et al., 1995; Daly et al., 1989).

5. CONCLUSIONS

We implement ambient noise tomography to construct Rayleigh wave phase
velocity maps in the vicinity of the MRZ, LRZ, SIB, and portions of the Mozambique
and Irumide Belts in southern Africa using a recently-recorded broadband seismic data
set. Dispersion measurements are extracted from these phase velocity maps and are
inverted to construct the first 3-D crustal shear wave velocity model for the area, which
reveals that relative to the neighboring areas, the MRZ and LRZ are characterized by low
velocity anomalies in the mid-crust, probably as the results of a combination of multiple
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factors including positive temperature anomaly, fluid-filled deep faults, partial melting,
and magmatic intrusion. Thinning of the crust beneath both the MRZ and LRZ of a few
km is inferred from the horizontal velocity slices. The observed crustal thicknesses and
seismic velocities beneath the non-volcanic MRZ and LRZ are consistent with other nonvolcanic continental rifts on Earth, and suggest that the crust has not been adequately
thinned to enable the development of syn-rifting volcanism.
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II. LITHOSPHERIC STRUCTURE AND EVOLUTION OF SOUTHERN
AFRICA: CONSTRAINTS FROM JOINT INVERSION OF RAYLEIGH WAVE
DISPERSION AND RECEIVER FUNCTIONS

ABSTRACT

We conduct a joint inversion of teleseismic receiver functions and Rayleigh wave
phase velocity dispersion from both ambient noise and earthquakes using data from 79
seismic stations in southern Africa, which is home to some of the world's oldest cratons
and orogenic belts. The area has experienced two of the largest igneous activities in the
world (the Okavango Dyke Swarm and Bushveld mafic intrusion) and thus is an ideal
locale for investigating continental formation and evolution. The resulting 3-D shear
wave velocities for the depth range of 0 - 100 km and crustal thickness measurements
show a clear spatial correspondence with known geological features observed on the
surface. Higher than normal mantle velocities found beneath the southern part of the
Kaapvaal Craton are consistent with the basalt removal model for the formation of
cratonic lithosphere. In contrast, the Bushveld Complex situated within the northern part
of the craton is characterized by a thicker crust and higher crustal Vp/Vs but lower
mantle velocities, which are indicative of crustal underplating of mafic materials and
lithospheric refertilization by the world's largest layered mafic igneous intrusion. The
thickened crust and relatively low elevation observed in the Limpopo Belt, which is a late
Archean collisional zone between the Kaapvaal and Zimbabwe cratons, can be explained
by eclogitization of the basaltic lower crust. The study also finds evidence for the
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presence of a stalled segment of oceanic lithosphere beneath the southern margin of the
Proterozoic Namaqua-Natal Mobile Belt.

1. INTRODUCTION

Southern Africa comprises the Archean Zimbabwe and Kaapvaal cratons and
several mobile belts formed between 2.7 and 0.3 Ga (Figure 1). Assembled before 3.0
Ga, the crust of the Kaapvaal Craton is as old as 3.7 Ga in the eastern-southeastern parts
of the craton (Compston & Kroner, 1988; Hamilton et al., 1979; Kroner et al., 1996;
Thomas et al., 1993). Separated by a NNE trending strike-slip/thrust belt from the oldest
core of the craton, the Neo-Archean (3.0 - 2.5 Ga) crust is exposed on the western side of
the craton. The north central portion of the Kaapvaal Craton is occupied by the Bushveld
Complex, which has an estimated age of intrusion of 2.05 Ga (de Wit et al., 1992) and is
the largest known layered mafic intrusion in the world (Buick et al., 2001; Von
Gruenewaldt et al., 1985; Walraven & Hattingh, 1993). The Zimbabwe Craton consists of
Archean rocks that formed between 3.6 and 2.5 Ga (Jelsma & Dirks, 2002; Wilson,
1990). The craton was stabilized after an enigmatic regional-scale melting in the crust at
about 2.57 Ga, probably due to a delamination event (Hickman, 1978; Treloar &
Blenkinsop, 1995). Formed by the collision between the Zimbabwe Craton to the north
and the Kaapvaal Craton to the south at around 2.7 Ga, the Limpopo orogenic belt lies in
an east-west trending band and separates the two cratons. Composed of Proterozoic
metamorphosed rocks ranging from ∼2.0 to ∼1.0 Ga, the Namaqua-Natal Mobile Belt
was amalgamated to the Kaapvaal Craton during the Namaqua Orogeny between 1.3 and
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1.0 Ga, and the youngest tectonic province of the study area, the Cape Fold Belt (0.3 Ga)
located at the southern end of Africa, was formed during the late-Proterozoic/earlyCambrian Saldanian Orogeny and the late-Paleozoic Cape Orogeny (Rozendaal et al.,
1999).

Figure 1. An elevation map of the study area showing seismic stations used in the study
(triangles) and major tectonic provinces. Stations along profile A-A' (blue dashed line)
are marked by the red triangles, and those without reliable receiver function
measurements of crustal thickness are marked by red station names. The inset in the
upper left corner is an azimuthal equidistant projection map centered at the study area
showing the distribution of earthquakes used for receiver function (blue circles) and twostation surface wave dispersion (green circles) analyses. The rectangle area in the inset
map in the lower right corner shows the location of the study area. BC, Bushveld
Complex; VC, Ventersdrop Complex; MFC, Molopo Farms Complex.
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A number of seismological investigations have been conducted in southern Africa
to characterize the thickness, composition, and tectonic evolution of the crust and
uppermost mantle. Nair et al. (2006) use receiver functions (RFs) to estimate crustal
thickness (H) and Vp/Vs (𝜅) using data from the Southern African Seismic Experiment.
A thicker than normal crust is observed in the western Zimbabwe Craton, the Limpopo
Belt, the Bushveld Complex, and the Namaqua-Natal Mobile Belt. The study also reveals
a 12-km thickness intruded mafic layer at the bottom of the crust beneath the Bushveld
Complex. While most other H-𝜅 studies (e.g., Delph & Porter, 2015; Youssof et al.,
2013) generally agree with the crustal thickness results of Nair et al. (2006), the resulting
𝜅 measurements are more diverse. Youssof et al. (2013) argue a paleocollisonal zone
rather than a mafic layer intrusion beneath the central part of the Bushveld Complex on
the basis of the overall felsic composition which is indicated by a low Vp/Vs of 1.68 1.70, a range that is significantly different from most previous RF studies (e.g., Nair et
al., 2006).
Ravenna et al. (2018) perform a surface (Rayleigh and Love) wave phase velocity
probabilistic Bayesian inversion to construct shear wave velocity structure beneath the
Kaapvaal Craton and the Limpopo Belt, from the upper crust to the upper mantle. The
inverted shear wave velocity curves indicate a thinned lithosphere beneath the central
southwestern Kaapvaal Craton and a slightly-to-moderately depleted lowermost
lithosphere beneath the Limpopo orogenic belt. Yang et al. (2008) obtain shear wave
velocities in southern Africa from the surface to 100-km depth using surface wave
ambient noise tomography (ANT) for short periods and two-plane-wave method for
longer periods. Their results show that velocities in the uppermost crust are well
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correlated with the geological units, and high velocities beneath the cratonic regions are
mainly due to the existence of more mafic Archean crust. In the uppermost mantle,
relatively high velocities are observed under the thinner Archean crust, and low velocities
are found beneath the thicker Proterozoic crust (Yang et al., 2008). Using a two-planewave tomography technique, Li (2011) and Li & Burke (2006) investigate the
approximately same area from surface to 410- and 310-km depths, respectively. Both
studies observe that the Bushveld complex is relatively slower than its surrounding areas,
suggesting a high iron content from an intracratonic intrusion at 2.05 Ga. Li & Burke
(2006) also propose that a low-velocity zone at the depth range of 160 to 260 km across
southern Africa is mainly caused by high temperature, which probably supports the high
elevation of southern Africa. In contrast, Adams & Nyblade (2011) map shear wave
velocities from 50 to 350 km by inverting surface wave phase velocities. Their velocity
model is not consistent with the existence of a positive temperature anomaly beneath
southern Africa.
Comparing with surface wave tomography, RFs possess the ability to improve the
vertical resolution and could better image internal interfaces (Deng et al., 2015; Shen et
al., 2013; Shen & Ritzwoller, 2016). However, RFs only provide information near
seismic stations and have lower resolution for structures between discontinuities than
surface wave tomography (e.g., Ammon et al., 1990). Although southern Africa has been
investigated by numerous studies, this study provides a high-resolution 3-D shear wave
velocity model from a joint inversion of surface wave dispersion and RFs. To our
knowledge, this is the first RF-dispersion joint study to obtain surface wave phase
velocity dispersion from both ambient seismic noise (for shorter periods) and teleseismic
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earthquakes (for longer periods) data for southern Africa. Rayleigh wave phase velocity
maps at different periods are obtained by inverting phase velocity dispersion
measurements derived from ambient seismic noise at short periods (6 - 24 s) and
teleseismic earthquakes at long periods (28 - 80 s). Additionally, a nonlinear Bayesian
Monte Carlo approach (Shen et al., 2013) is applied to obtain 3-D shear wave velocity
model beneath southern Africa.

2. DATA AND METHODS

2.1. DATA
The data used in the study were recorded by 79 Southern African Seismic
Experiment seismic stations between April 1997 and December 1999 located in the area
of 16°E - 34°E, and 36°S - 18°S (Figure 1). The data set is archived at the Incorporated
Research Institutions for Seismology (IRIS) Data Management Center (DMC) and is
publicly accessible. For the ANT study, we requested continuous broadband verticalcomponent waveforms, each with a length of 86,400 s (1 day), from the Incorporated
Research Institutions for Seismology DMC. The seismograms were resampled to five
samples per second, and Rayleigh wave phase velocity dispersion measurements from 6
to 30 s with an interval of 2 s were then calculated from the empirical Green's function
(EGF) analysis (Yao et al., 2006, 2008, 2010). For the two-station earthquake Rayleigh
wave phase velocity dispersion measurements (Yao et al., 2005), broadband seismic data
with a sampling frequency of 1 Hz were requested from a total of 384 𝑀𝑏 ≥ 5.7
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earthquakes in the epicentral distance range of 10 - 130°. The period range is from 20 to
80 s with an interval of 4 s.
To compute RFs, data from teleseismic events in the epicentral distance range of
30° to 100° were requested from the DMC. The cutoff magnitude (𝑀𝑐 ) used for selecting
earthquakes is calculated by 𝑀𝑐 = 5.2 + (∆ − 30.0)/(180.0 − 30.0) − 𝐷/700.0, where
∆ and 𝐷 are the epicentral distance in degree and focal depth in kilometer, respectively
(Liu & Gao, 2010). A total of 5,653 three-component seismograms from 166 teleseismic
events that satisfy the above epicentral distance range and 𝑀𝑐 criterion were chosen for
the period of 10 April 1997 to 31 December 1999. The seismograms were windowed 20 s
before and 30 s after the first theoretical P-wave arrival based on the IASP91 Earth model
(Kennett & Engdahl, 1991)

2.2. METHODS
2.2.1. Rayleigh Wave Data Processing for ANT. The procedure of data
processing used here is generally the same as that in Wang et al. (2019) and is briefly
described below. The procedure includes the following steps: (1) single-station
preprocessing, (2) cross correlations and temporal stacking, (3) phase velocity dispersion
measurements, and (4) inversion for phase velocities. Details about the steps can be
found in previous studies (e.g., Bensen et al., 2007; Sabra et al., 2005; Shapiro et al.,
2005; Shapiro & Campillo, 2004; Weaver, 2005; Weaver & Lobkis, 2004).
In the single-station preprocessing step, the mean, linear trend, and the
instrumental response are first removed, and a second-order Butterworth filter in the
frequency range of 0.025 - 0.5 Hz is utilized, followed by temporal normalization to
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reduce the interference from earthquakes, instrumental irregularities, and nonstationary
noise. Spectral whitening is then applied to produce broadband ambient noise signals.
The next step is to compute cross correlations and perform temporal stacking. The
total number of possible daily cross-correlation series is 3,081 (𝑁 = 𝑛(𝑛 − 1)/2, where
𝑛 is the number of stations). Because not all the 79 stations were operating in a common
period, a total of 2,245 possible interstation cross-correlation series were produced. All
the daily cross-correlation series for each station pairs are then stacked, and the causal
and acausal signals are symmetrically averaged to enhance the signal-to-noise ratio
(SNR). A negative time derivative of the stacked cross-correlation series is taken to
estimate Rayleigh wave EGFs from the stacked cross-correlation series. Figure 2 shows
the raypaths and cross-correlation series between Station SA38 and all the other stations.

Figure 2. (a) Raypaths between Station SA38 (red triangle) and all the rest stations (green
triangles). The thick red line in Zimbabwe represents the Great Dyke, and the green lines
are the main branches of the Okavango Dyke Swarm (ODS; Le Gall et al., 2002; Uken &
Watkeys, 1997). (b) 2- to 40-s band-pass-filtered cross-correlation functions between
Station SA38 and the other stations.
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Subsequently, phase velocity dispersion curves are estimated from the EGFs
based on a modified far-field approximation and an image transformation analysis (Yao
et al., 2005, 2006, Yao et al., 2010). Three criteria are imposed to reject unreliable
dispersion measurements: (1) the distance between two stations should be at least 3 times
of the longest wavelength, (2) the SNR for each of the stacked cross-correlation series
should be equal or larger than 5.0, and (3) the phase velocity dispersion curves should be
similar to the global model of Shapiro & Ritzwoller (2002).
The final step involves inverting for Rayleigh wave phase velocities using the
phase velocity dispersion measurements obtained from the previous step (Tarantola &
Nercessian, 1984; Tarantola & Valette, 1982). The phase velocities are for periods
between 6 and 30 s with an interval of 2 s, and the horizontal grid dimension is 0.4° ×
0.4° with a sampling step of 0.1°.
2.2.2. Rayleigh Wave Data Processing for Earthquake Tomography. The twostation analysis is under the assumption that surface wave propagation is along a greatcircle path between the earthquake and station. First, the instrumental responses of station
records with clear Rayleigh wave trains are removed. Subsequently, the multiple filter
technique (Dziewonski et al., 1969) is applied to determine group arrival times of
Rayleigh wave fundamental mode, and to obtain the cross-correlation amplitude image
for each of the station pairs. Third, a three-spline interpolation is applied to transform the
cross-correlation amplitude image into a phase velocity image for directly judging the
quality of phase velocity dispersion curves (Yao et al., 2006). The selected phase velocity
dispersion measurements are inverted using the same technique as that applied in the
EGF analysis. Phase velocity maps are constructed for periods between 20 and 80 s with
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an interval of 4 s. The grid dimension and sampling step are the same as those for the
ANT analysis. The study area was divided into 0.2° × 0.2° grids, and those with at least
one raypath were retained.
2.2.3. RF Data Processing. A four-pole, two-pass band-pass Bessel filter with a
frequency range of 0.06 - 1.2 Hz is applied to the original seismograms to enhance the
signals, and to reject events with SNR of less than 4.0. The SNR is calculated using
SNR= 𝑚𝑎𝑥|𝐴𝑠 |⁄|̅̅̅̅
𝐴𝑛 |, where 𝑚𝑎𝑥 |𝐴𝑠 | represents the maximum absolute amplitude on
the vertical seismograms in the time window of 8 s before and 17 s after the predicted
IASP91 arrival time for the first P wave, and |̅̅̅̅
𝐴𝑛 | represents the mean absolute amplitude
in the time window of 10 - 20 s before the predicted P wave arrival time (Gao & Liu,
2014). We next apply a frequency domain water-level deconvolution procedure (Ammon
et al., 1990) to convert the filtered seismograms into radial RFs.
The H-𝜅 RF stacking procedure (Zhu & Kanamori, 2000) is applied to search for
the optimal H and 𝜅 pair. The weighting factors used in the study are 0.5, 0.3, and 0.2 for
the PmS, PPmS, and PSmS phases, respectively, which are the same as those in Nair et
al. (2006). The mean crustal P wave velocity (Vp) required by H-𝜅 stacking is chosen as
6.5 km/s, which is based on results from a seismic refraction survey (Durrheim & Green,
1992). The use of a uniform crustal Vp for all the stations may lead to errors in the
resulting H and 𝜅 values (Nair et al., 2006). While the error in H can be reduced by
jointly inverting both the RF and surface wave dispersion measurements, that in 𝜅
remains unchanged. Consequently, in this study we rely more on the shear wave
velocities, which are less affected by the assumed Vp, than the 𝜅 measurements to
discuss continental crustal structure and evolution. The bootstrap resampling approach
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(Efron & Tibshirani, 1986; Press et al., 1992) with 10 iterations is utilized to compute the
mean values of H and 𝜅 and to estimate their standard deviations. Figure 3 shows an
example of the H-𝜅 diagrams, and more examples can be found in Figures S1–S4 in the
supporting information.

Figure 3. H-𝜅 stacking of receiver functions (RFs) from Station SA38. (a) RFs plotted
against the back azimuth (BAZ). The red trace is the result of simple time domain
summation of the individual traces. (b) H-𝜅 stacking using the RFs in (a).

2.2.4. Joint Inversion of Surface Wave Dispersion and RFs. Surface wave
dispersion measurements are sensitive to absolute shear wave velocities and can be used
to constrain the vertically averaged velocity profile (Deng et al., 2015). In comparison,
RFs can provide reliable constraints on vertical velocity contrasts, such as the Moho
discontinuity and bottom of the sedimentary layer, which are difficult to resolve using
surface wave dispersion alone. Consequently, RFs can effectively complement surface
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wave dispersion (e.g., Bodin et al., 2012; Julia et al., 2000; Ozalaybey et al., 1997), and
the results from joint inversion of surface wave dispersion and RFs are more reliable than
those obtained on either data set alone (e.g., Julia et al., 2005; Shen et al., 2013). In this
study, we apply a nonlinear Bayesian Monte Carlo technique (Shen et al., 2013) to
construct a 3-D shear wave velocity structure, from the surface to the depth of 100 km, by
jointly inverting Rayleigh wave phase velocity dispersion and RFs. Detailed information
about the joint inversion procedure can be found in Shen et al. (2013).
Similar to Shen & Ritzwoller (2016), three prior constraints are employed during
the process of the Monte Carlo sampling: (1) shear wave velocity increases from the
lower crust to the uppermost mantle through the Moho discontinuity, (2) shear wave
velocity monotonically increases with depth through the entire crystalline crust, and (3)
shear wave velocity is no more than 4.9 km/s for all depths. Considering the values of H
and 𝜅 vary from station to station, we generate one initial model for each of the stations.
For stations with reliable RF measurements, Rayleigh wave phase velocities and RFs (in
the time window of 0 to 10 s) are jointly inverted. For stations without reliable RF
measurements (SA04, SA20, SA49, SA51, SA57, and SA67), only the surface wave
phase velocities are inverted. To estimate uncertainties of the phase velocities for the
joint inversion for a given station, the mean and the standard deviation of all
measurements at the station are calculated. The initial model includes two layers. The top
layer is the crystalline crust, which has a layer thickness H obtained from the H-𝜅
stacking of RFs, and the bottom layer has a depth range of H-100 km. The shear wave
velocities for the crust are obtained using a 4 cubic B-spline interpolation of the velocity
model of Yang et al. (2008), and for the subcrustal layer, the interpolation is performed
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using 5 cubic B-splines. Therefore, for each station, a total of 10 parameters are varied
between the iterations, including the crustal thickness, 4 B-spline coefficients for crustal
Vs, and 5 such coefficients for subcrustal Vs. The allowed magnitude of variation from
the values in the initial model is 25% for crustal thickness, and 20% for the coefficients.
Scaling relations (Christensen & Mooney, 1995; Karato, 1993) are applied to estimate the
densities in the crust and upper mantle. The Q values in the PREM model (Dziewonski &
Anderson, 1981) are utilized to conduct physical dispersion corrections by applying the
approach of Kanamori & Anderson (1977). In the crust, the 𝜅 values for the initial
models are derived from the H-𝜅 stacking of the RFs, while in the upper mantle it is fixed
at 1.75. For surface wave dispersion, the Thomson-Haskell method (computed using the
code of Herrmann, https://www.eas.slu.edu/eqc/eqccps.html) with an earth-flattening
transformation was used for the forward modeling, and the forward calculation of RFs is
based on the code developed by Shibutani et al. (1996). For each iteration, the root mean
square misfit function for both the dispersion and RF measurements are combined after
being normalized by the minimum misfit for each data type. Similar to previous studies
(Shen et al., 2013, 2016), the number of iterations is 3,000. Figure 4 shows initial models
for stations located in different regions.

3. RESULTS

3.1. RAYLEIGH WAVE PHASE VELOCITY TOMOGRAPHY
3.1.1. Phase Velocity Maps from ANT. By inverting a total of 515 reliable phase
velocity dispersion measurements, 2-D phase velocity maps for the periods of 6 to 30 s
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are obtained with 0.4° × 0.4° spatial grids. Figures 5a - 5c show phase velocity maps at
the periods of 6, 16, and 24 s, respectively. The resulting spatial distribution of phase
velocities correspond well with known geological features. At the period of 6 s (Figure
5a), low phase velocity anomalies are observed in the northern and eastern Kaapvaal
Craton, eastern part of the boundary between the Zimbabwe Craton and the Limpopo
Belt, the Namaqua-Natal Mobile Belt, and the Cape Fold Belt. The low phase velocity
anomalies are mainly attributed to relatively thick sedimentary layers (de Wit et al., 1992;
de Wit & Tinker, 2004; Durrheim & Green, 1992; Green & Durrheim, 1990). Relatively
high phase velocities are observed in most parts of the Zimbabwe Craton and the
Limpopo Belt, and the central and western Kaapvaal Craton, and are most likely due to
the existence of a more mafic Archean upper crust (Durrheim & Mooney, 1994). Low
phase velocity anomalies observed at the period of 6 s persist at the period of 16 s in most
areas (Figure 5b). For the period of 24 s (Figure 5c), the high phase velocities beneath the
central Zimbabwe Craton expand to the entire cratonic area and become more evident.
Most of the southern Kaapvaal Craton is characterized by relatively high phase velocities.
3.1.2. Phase Velocity Maps from Earthquake Tomography. Phase velocity
maps at the period of 24 s from both the EGF and two-station analyses (Figures 5c and
5e, respectively) are plotted for comparison, and Figure 5d shows the differences. The
patterns of the distribution of the phase velocities are similar with each other, and
differences with an absolute amplitude greater than 0.05 km/s are observed only in a few
locations (Figure 5d). Considering that the EGF analysis can provide more reliable phase
velocity measurements at shorter periods (Yao et al., 2006), we use phase velocity
measurements from the EGF analysis for the periods of 6 to 24 s, and those from the two-
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station analysis for the periods of 28 to 80 s. Figure 6 shows averaged Rayleigh wave
phase velocity curves derived from both the EGF and two-station techniques.

Figure 4. Four examples of initial models for the joint inversion. The black line
represents initial S wave model for Station SA38 in the Kaapvaal craton, red line is for
Station SA47 in the Bushveld complex, green line is for Station SA55 in the Limpopo
belt, and the blue line is for Station SA82 in the Namaqua-Natal mobile belt.

At the periods of 32 and 40 s (Figures 5f and 5g), relative to the southern
Kaapvaal Craton, slow velocities are revealed for the central part of the Bushveld
Complex, the northern Namaqua-Natal Mobile Belt, and the Cape Fold Belt. At the
period of 60 s (Figure 5h), low velocities appear in the northeastern portion of the
Zimbabwe Craton and the northern Limpopo Belt, the southwestern part of the Kaapvaal
Craton, and Bushveld Complex and Ventersdrop Complex. At the period of 80 s (Figure
5i), the velocities within the southern Kaapvaal Craton become comparable with the rest
of the study area, except for the Cape Fold Belt which continues to show low velocities.
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Figure 5. Rayleigh wave phase velocity maps from EGF (a-c) and two-station (e-i)
analyses. Panel (d) shows the difference between phase velocities from EGF and twostation analyses at the period of 24 s. EGF: empirical Green's function.

3.2. RESOLUTION TEST
We conduct standard synthetic checkerboard test to investigate the resolution of
the resulting phase velocities at different periods (Figure 7). For each of the periods, the
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input velocity model is composed of alternating positive and negative velocity anomalies
with a 5% magnitude relative to 4 km/s in 2.0° × 2.0° blocks (Figure 7a).

Figure 6. Averaged Rayleigh wave phase velocity curves over the entire study area from
(a) empirical Green's function analysis, and (b) two-station analysis. (c) Combined result
of phase velocity curves for the period range of 6 to 80 s. Note the consistency between
the results from the two methods in the overlapping periods (20 - 30 s).

The events and stations used to generate the synthetic data are exactly the same as
those in the real data, and the same inversion method was applied to obtain the recovery
data. Figures 7b - 7h show the recovered velocity models for the periods of 6, 16, 24, 32,
40, 60, and 80 s with the same raypath coverage. The pattern of the checkerboard and the
magnitude of anomalies can be well reconstructed for all the periods. Even though lateral
smearing is more observable at longer periods (e.g., 60 and 80 s), the velocity anomalies
are still resolvable in most of the study area. In general, the checkerboard test suggests
that the resulting phase velocities are acceptable for all the periods.
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Figure 7. Horizontal checkerboard model (a) and its reconstructions (b) - (h) at different
periods. The color bar in (a) represents velocities with both positive and negative 5%
perturbations compared with a reference velocity of 4 km/s. (a) Target checkerboard
model. (b) - (d) Recovered velocity results from the empirical Green's function analysis
for the periods of 6, 16, and 24 s, respectively. (e) - (h) Recovered velocity results from
the two-station analysis for the periods of 32, 40, 60, and 80 s, respectively.

3.3. CRUSTAL THICKNESS FROM RFS
A total of 1,976 high-quality RFs from 164 teleseismic events recorded by 73 out
of the 79 seismic stations were used to obtain H and 𝜅 measurements. The resulting 𝜅
values (Figure S5) range from 1.68 at Station SA47 located within the Bushveld Complex
to 1.88 at Station SA03 in the Cape Fold Belt, with an average value of 1.75 ± 0.04.
Most stations within or adjacent to the Bushveld Complex exhibit higher 𝜅 values than
the rest of the study area. The resulting H values (Figure 8b) range from 28.1 km at
Station SA01 in the Cape Fold Belt to 53.3 km at Station SA47 in the Bushveld Complex,
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with a mean value of 40.3 ± 4.0 km. Relatively thin crust is observed in the Cape Fold
Belt, central and southern Kaapvaal Craton, and northern Zimbabwe Craton. The crust
thickens within the Namaqua-Natal Mobile Belt, the Bushveld Complex, the Limpopo
Belt, and the southwestern Zimbabwe Craton.

Figure 8. Crustal thickness measurements. (a) Results from the joint Bayesian Monte
Carlo inversion approach. (b) Results from H-𝜅 stacking of receiver functions. (c)
Difference between results shown in (a) and (b). Red triangles represent stations within or
close to the Bushveld complex, and green ones represent the rest of the stations within the
Kaapvaal Craton.

3.4. JOINT INVERSION RESULTS
To more realistically reveal the velocity distribution at a given depth, we jointly
inverted Rayleigh wave phase velocity dispersion and RF measurements to obtain
shearwave velocities beneath each of the stations. Figure 9 shows the input data and
results for the joint inversion for two of the stations. Note that because the velocity model
has only one interface (the Moho), the fitting to the RF is poor except for the time
window containing the PmS phase. The resulting velocities and crustal thickness
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measurements observed at individual stations were linearly interpolated to obtain
spatially continuous images (Figures 8 and 10 - 12).

Figure 9. Joint inversion results for stations SA38 (a) - (c) and SA55 (d ) - (f). (a)
Ensemble of accepted models using the joint inversion approach for Station SA38. The
full width of the ensemble is presented as the black curves, the 1𝜎 width of the ensemble
under the assumption of Gaussian distribution is presented as light gray curves enclosing
the area between the two curves, and the average model is the red curve near the middle
of the ensemble. The horizontal blue dash line indicates the crustal thickness beneath the
station. (b) Observed Rayleigh wave phase velocities (dots) and 1𝜎 error bars for Station
SA38. The red curve represents the prediction from the best fitting model in (a). (c)
Stacked RF trace (black curve) and the 1𝜎 uncertainty (light gray curves) for Station
SA38. The red curve is the predicted RF from the best fitting model in (a). (d) - (f) The
same as (a) - (c), but for Station SA55.

3.4.1. Shear Wave Velocity Structure. At the depth of 6 km, low shearwave
velocity anomalies are mainly observed beneath the northern and eastern parts of the
Kaapvaal Craton, the Namaqua-Natal Mobile Belt, and the Cape Fold Belt in the
uppermost crust (Figures 10a and 11a) and are mostly related to the presence of a thick
sedimentary cover. At the depth of 20 km (Figure 10b), the Cape Fold Belt continues to
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demonstrate low velocities, and the Namaqua-Natal Mobile Belt shows higher velocities
relative to the Kaapvaal Craton.

Figure 10. Horizontal shear wave velocity slices at different depths. (a) 6, (b) 20, (c) 30,
(d) 40, (e) 50, (f) 60, (g) 80, and (h) 100 km.

Velocity variations in the depths of 30 and 40 km (Figures 10c and 10d) are
mainly affected by the depth variation of the Moho discontinuity, where sudden increase
in velocity appears in areas with a crust that is shallower than the depth of the slice. At
the depth of 30 km (Figure 10c), velocities as fast as ∼4.15 km/s are observed beneath
the southern tip of the Cape Fold Belt, suggesting that the crust in this area is thinner than
30 km. Similarly, beneath the central and southern Kaapvaal Craton and northeastern
Zimbabwe Craton, the high velocities observed in Figure 10d indicate that the crust is
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thinner than 40 km. Relative to the adjacent mobile belts, the Kaapvaal and Zimbabwe
cratons show higher velocities from 50 - 100 km, while the Cape Fold Belt is
characterized by relatively low velocities in the same depth range. A zone of high
velocities along the southern margin of the Namaqua-Natal Mobile Belt persists in the
depth range of 50 - 100 km. The sheet-like shape of the high-velocity feature can be more
clearly observed along the cross section shown in Figure 11a.

Figure 11. (a) Vertical shear wave velocity cross section from surface to the depth of 100
km along Profile A-A' in Figure 1. The crosses represent crustal thickness beneath the
stations from the joint inversion method. (b) Elevation along the Profile A-A'. (c)
Variation of crustal thickness from joint inversion along Profile A-A'. (d) Variation of
mean S wave velocities for four depth ranges.
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3.4.2. Crustal Thickness Distribution. Based on the assumption that the Moho
is a sharp gradient interface across which the shear wave velocity experiences the most
rapid increase, we obtained the H measurements beneath the seismic stations by
searching for the largest velocity gradient within the depth range of 20 to 60 km from the
inverted 1-D shear wave velocity curve for each of the stations.
The resulting H values from the joint inversion (Figure 8a) range from 28.5 km at
Station SA01 at the southern tip of the Cape Fold Belt to 52.0 km at Station SA70 located
at the southwest corner of the Zimbabwe Craton, with a mean value of 39.5 ± 4.0 km
over the entire study area. For most of the stations, the crustal thickness difference
obtained using the joint inversion (Figure 8a) and H-𝜅 stacking (Figure 8b) is less than 3
km (Figure 8c) and are in general agreement with previous crustal thickness studies
(Delph & Porter, 2015; Kgaswane et al., 2009; Nair et al., 2006; Yang et al., 2008;
Youssof et al., 2013). Both the Kaapvaal and Zimbabwe cratons are characterized by a
crustal thickness of about 36 km, which is typical for cratons (e.g., Clitheroe et al., 2000;
Nair et al., 2006). Thicker than normal crust is found in the Bushveld Complex, the
Limpopo Belt, and southwestern Zimbabwe Craton, and the Namaqua-Natal Mobile Belt,
while the Cape Fold Belt has the thinnest crust of less than 30 km.

4. DISCUSSION

4.1. BASALT REMOVAL IN THE KAAPVAAL CRATON
The Kaapvaal Craton, with the exception of the Bushveld Complex, is
characterized by shear wave velocities of about 4.6 km/s, which is about 3% higher than
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the ∼4.47 km/s value in most global models such as AK135 (e.g., Kennett et al., 1995).
This increase in seismic velocities and the corresponding decrease in the density of the
mantle lithosphere (see Figure 12 in Artemieva & Vinnik, 2016) are consistent with the
basalt removal model for the formation of continental tectosphere (Jordan, 1979, 1988).
However, more recent studies (e.g., Schutt & Lesher, 2006) indicate that the actual
velocity increase due to basalt removal is a function of pressure, and at the upperlithospheric depth, the magnitude of velocity increase due to the removal is less than
what was predicted in Jordan (1979). Therefore, other processes, such as the loss of
volatiles and grain size changes (Faul & Jackson, 2005; Karato & Jung, 1998) might also
play a role in the observed velocity increase beneath the Kaapvaal Craton. Lateral
variations of lithospheric temperature probably related to Mesozoic lithospheric
delamination/relamination (Hu et al., 2018) may also contribute to the velocity
anomalies.

4.2. LITHOSPHERIC MODIFICATIONS IN THE SOUTHWESTERN
ZIMBABWE CRATON BY THE OKAVANGO DYKE SWARM
The resulting H measurements for the Zimbabwe Craton (Figure 8a) demonstrate
a large difference between the northeastern (NE) and southwestern (SW) portions of the
craton. The former has a relatively thin crust with a mean value of 36.8 ± 1.3 km, and the
latter has a thicker crust of 44.8 ± 5.1 km. In addition, on the depth slides of 50 - 60 km
(Figures 10e and 10f), the mean shear wave velocities beneath the SW Zimbabwe Craton
is about 0.9% lower than that beneath the NE part of the craton. The SW portion of the
craton also shows a higher lithospheric density than the NE part (Artemieva & Vinnik,
2016).
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One of the possible causes of the thickened crust, reduced upper mantle velocities,
and the increased mantle density beneath the SW Zimbabwe Craton is the emplacement
of the mafic Okavango Dyke Swarm at about 179 Ma (Delph & Porter, 2015; Le Gall et
al., 2005; Reeves, 2000; Youssof et al., 2013). The observed crustal thickening can be
reasonably attributed to massive magmatic intrusion into the crust and magmatic
underplating beneath the original Moho associated with the dyke swarm event. The
intrusion of the mafic dykes into the subcrustal lithosphere could also result in
lithospheric refertilization, leading to the observed reduction in seismic velocities
(Figures 10e and 10f) and increase in mantle density (Artemieva & Vinnik, 2016; Jordan,
1979). The observed amplitude of velocity decrease (about 0.9%) in the uppermost
mantle lithosphere beneath the SW Zimbabwe Craton is consistent with the estimated
velocity decrease due to lithospheric refertilization (Jordan, 1979). Finally, the increase in
the density of the subcrustal lithosphere due to the refertilization compensates the mass
deficit associated with the thickened crust, resulting in the near zero isostatic gravity
anomaly in the area (Gwavava et al., 1996).

4.3. MAGMATIC UNDERPLATING AND LITHOSPHERIC
REFERTILIZATION BENEATH THE BUSHVELD COMPLEX
Relative to the surrounding cratonic area, the crust beneath the Bushveld Complex
has a thickness that is about 5 km greater (Figure 8a). Similar to the SW Zimbabwe
Craton, the shear wave velocity in the subcrustal lithosphere beneath the Bushveld
Complex is lower than that in the southern Kaapvaal Craton (Figure 12), and the
lithospheric density is higher (Artemieva & Vinnik, 2016). All the above observations
can be explained by intrusion and underplating of mantle-derived materials into the crust
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as well as refertilization of the lithosphere by the mafic intrusion occurred at 2.05 Ga (de
Wit et al., 1992; James et al., 2001; Jordan, 1979; Li & Burke, 2006; Schouwstra et al.,
2000). Another possible cause for the lower velocities is higher temperature associated
with lithospheric modification in the Mesozoic (Hu et al., 2018).

Figure 12. Mean shear wave velocities. (a) From the surface to 100-km depth. (b) From
the surface to the Moho. (c) From the Moho to 100-km depth. (d) From 55- to 100-km
depth.
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4.4. LOWER CRUSTAL ECLOGITIZATION BENEATH THE LIMPOPO
MOBILE BELT
Relative to the Kaapvaal Craton, the Limpopo Belt is characterized by a lower
elevation (Figure 11b), thicker crust (Figures 8 and 11c), and higher crustal shear wave
velocities (Figures 11d and 12b). In contrast, another area with thick crust, the
Proterozoic Namaqua-Natal Mobile Belt (Figures 8 and 11c), has a higher elevation than
the Kaapvaal Craton (Figure 11b), and a slightly higher crustal shear wave velocity
(Figures 11d and 12). The counter-intuitive relationship between the lower elevation and
thicker crust beneath the Limpopo Belt can be explained by the existence of a high
density, probably eclogitized lower crustal layer.
It has been recognized that the less dense gabbro (density = 3.0 𝑔⁄𝑐𝑚3, Vp = 6.9
km/s) in the lower continental crust can be transformed into more dense eclogite (density
= 3.5 𝑔⁄𝑐𝑚3 , Vp = 7.9 - 8.05 km/s) in tectonically overthickened crust (e.g., Kay &
Mahlburg-Kay, 1991; Kern et al., 1999; Ringwood, 1975). Such an eclogitized layer has
been revealed in many regions in the world (e.g., Keller, 2013; Rumpfhuber & Keller,
2009). Bouguer gravity anomalies (Ranganai et al., 2002) are relatively higher in the
Limpopo Belt than the adjacent Zimbabwe and Kaapvaal cratons, providing independent
evidence for the presence of a high density crustal layer.

4.5. POSSIBLE FOSSIL OCEANIC SLAB BENEATH THE SOUTHERN
NAMAQUA-NATAL MOBILE BELT
A high-velocity anomaly is consistently present beneath the southern NamaquaNatal Mobile Belt in the 50- to 100-km depth range (Figures 10e - 10h). From the cross
section (Figure 11a) and velocities at various depth ranges (Figure 12), it is clear that this
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feature extends from beneath the Moho to at least 100-km depth. We speculate that this
high-velocity feature is a fossil oceanic slab beneath the suture zone with the Cape Fold
Belt to the south. The assimilation of the Cape Fold Belt occurred during 800 - 1000 Ma
and prior to the assimilation, there existed an oceanic plate (de Beer et al., 1982; Lock,
1980). Such high-velocity belts in the lithosphere have been identified on the edges of
other cratonic blocks (e.g., Bostock, 1997, for the Slave Craton) and might reflect the
velocity difference associated with the variation in chemical composition between the
oceanic and continental lithosphere. This hypothesis is consistent with the observation
that the oceanic lithosphere is more mafic than the continental lithosphere and possesses
higher shear wave velocities (Boyd, 1989).

5. CONCLUSIONS

Three-dimensional distributions of shear wave velocities in the top 100 km of the
lithosphere beneath two of the oldest cratons on Earth and orogenic belts of various ages
are revealed using ambient noise and earthquake surface wave tomography, with
constraints from P-to-S RFs. The observations provide constraints on a number of
significant problems regarding continental lithospheric structure and evolution. The
unmodified area of the Kaapvaal Craton is characterized by high mantle velocities which
are consistent with the basalt removal for the formation of continental tectosphere.
Crustal thickening and higher crustal velocities beneath the SW Zimbabwe Craton and
the Bushveld Complex can be explained by magmatic intrusion and underplating, and the
observed lower velocity and higher density in the mantle lithosphere beneath the two
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magmatically modified areas are most likely the results of mantle refertilization. While a
thicker crustal root is found to correspond with the higher elevation beneath the
Proterozoic Namaqua-Natal Mobile Belt, the thicker crust found beneath the lower
elevation Archean Limpopo Belt is probably at least partially compensated by a high
density lower crustal layer which could be resulted from eclogitization of the gabbro-rich
lower crust. We interpret a high-velocity zone along the southern margin of the
Namaqua-Natal Mobile Belt as a segment of stalled oceanic lithosphere.
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III. CRUSTAL STRUCTURE BENEATH THE ETHIOPIAN PLATEAU AND
ADJACENT AREAS FROM RECEIVER FUNCTIONS: IMPLICATIONS FOR
PARTIAL MELTING AND MAGMATIC UNDERPLATING

ABSTRACT

Receiver function measurements of crustal thickness (H) and Vp/Vs provide
important information on the formation and evolution of continental plateaus and rift
zones such as the Ethiopian Plateau and the Afar and Main Ethiopian Rifts in
northeastern Africa. Unfortunately, the presence of a low-velocity sedimentary layer atop
most of the Cenozoic rift basins may lead to strong reverberations that can mask the P-toS conversions from the Moho, resulting in unreliable H and Vp/Vs measurements. Here
we estimate crustal thickness and Vp/Vs beneath the Afar Depression (AD), Ethiopian
Plateau (EP), and the Main Ethiopian Rift (MER) by stacking receiver functions. Reliable
H and Vp/Vs measurements are obtained at a total of 69 stations, among which 18
stations are pre-processed by applying the reverberation removal technique. Comparing
with the MER and EP, the AD is characterized by a thinner crust and higher Vp/Vs, and
the thinnest crust and highest Vp/Vs are found in the Red Sea Rift (RSR) in central AD.
Gradual variations of crustal thickness and Vp/Vs between the previous and present axes
of the RSR support a gradual rather than jumpy migration model of the axis. The overall
high Vp/Vs value in the study area can be interpreted as a combined result of continental
flood basalts at the surface, magmatic intrusion, and partial melting. The relatively low
amplitude of the P-to-S converted phases from the Moho observed in the southern part of
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the western EP and the AD with the exception of the RSR may be attributed to magmatic
underplating.

1. INTRODUCTION

1.1. GEOLOGICAL SETTING
The Afar Depression (AD) in northeast Africa (Figure 1) is the most developed
section of the East African Rift System (EARS). The Red Sea Rift (RSR), Gulf of Aden
Rift (GAR), and the Main Ethiopian Rift (MER) meet in the AD to form a rift-rift-rift
triple junction with the Arabian Plate to the northeast, the Nubian Plate to the west, and
the Somalian Plate to the southeast (Hofmann et al., 1997; McKenzie et al., 1970). The
MER separates the Ethiopian Plateau (EP), a 1000 km wide Palaeogene flood basalt
province at 2.5 km elevation (Mohr & Zanettin, 1988), into the western Ethiopian Plateau
(WEP) to its northwest and the eastern Ethiopian Plateau (EEP) to its southeast.
The earliest known rifting in the AD at ~35 Ma in the Gulf of Aden was extended
from the volcanism at ~40 Ma in the EP (Davidson & Rex, 1980; d’Acremont et al.,
2005; Ebinger et al., 1993). The Tendaho Graben-Goba’ad Graben region in central AD
is widely regarded as the Afar triple junction, even though the arm of the GAR
propagated landward farther to the north and failed to meet with the other two active
arms of the rift system (Courtillot et al., 1987; Manighetti et al., 1997; Manighetti et al.,
1998; Tesfaye et al., 2003). Rifting had progressed to seafloor spreading in the Gulf of
Aden. The spreading initiated at ~16.5 Ma (e.g., d’Acremont et al., 2005), and
propagated westward into the AD by ~0.7 Ma (Audin et al., 2001). Magnetic anomalies
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of the Aden ridge were observed inland as far as the Tendaho Graben-Goba’ad Graben
region, suggesting either complex history of ridge jumps (Courtillot et al., 1984) or an
extremely asymmetric spreading (Barberi & Varet, 1977). Extension in the southernmost
RSR initiated between 29 and 26 Ma, and was at ~10°N until the linkage of the MER and
southern Red Sea occurred at ~10 Ma (Wolfenden et al., 2005). The rifting-related SSEtrend spreading ridge propagated along the Gulf of Zula to the northwest of the AD, and
stepped onto land within the Danakil Depression (Chu & Gordon, 1998). Continuously
propagating southward along the Erta Ale axial volcanic ranges, the spreading ridge
finally terminated in central Afar (Beyene & Abedelsalam, 2005). Initiation of the ESEdirected extension of the MER between the Nubian and Somalian plates occurred at ~18
Ma (WoldeGabriel et al., 1990), and the extension propagated northward into the presentday Afar triple junction at ~10°N at ~11 Ma (Tesfaye et al., 2003; Wolfenden et al., 2004
& 2005). The northern part of the MER is characterized by magmatic rift segments that
are commonly ~20 km in width and ~60 km in length (Ebinger & Casey, 2001). Due to
the variation in lithosphere thickness and magma supply, the size of magmatic rift
segments systematically decreased northeastward to central Afar (Hayward & Ebinger,
1996).
The RSR is characterized by the transition between continental rifting of the
EARS and seafloor spreading in the Red Sea and Gulf of Aden (Bastow & Keir, 2011;
Makris & Ginzburg, 1987). The region is associated with the Eocene-Oligocene flood
basalt province lying atop the EP (Wolfenden et al., 2005). Currently, the Arabian Plate is
moving away from the Nubian Plate at a rate of ~1.6 cm/yr (Chu & Gordon, 1998). The
motion of the Arabian Plate caused the formation of the Red Sea between the Nubian and
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Arabian plates and led to the opening of the Gulf of Aden between the Somalian and
Arabian plates (Tesfaye et al., 2003). Investigation of the crustal structure and seismic
properties at the AD could provide insights into crustal modification by stretching and
magmatic intrusion, and shed light on the processes responsible for the transition from
continental rifting to the formation of oceanic crust, a process that is believed to be
happening along the RSR (Bridges et al., 2012; Makris & Ginzburg, 1987).

Figure 1. A topographic map of the study area showing major tectonic provinces and
seismic stations used in the study. Diamonds represent stations from the ALIE project,
triangles for the AFAR project, circles for the EAGLE project, and squares for the EBSE
project. Stations represented by orange symbols did not result in reliable results from this
study. The inset in the upper left corner is an azimuthal equidistant projection map
centered at the study area showing the distribution of earthquakes (blue circles) used for
receiver function analysis. The rectangle area in the inset map at the lower right corner
shows the location of the study area. DB: Danakil Block; TGD: Tendaho-Goba’ad
Discontinuity.

79
1.2. RESULTS FROM PREVIOUS STUDIES OF CRUSTAL STRUCTURE
1.2.1. Receiver Functions Studies. Dugda et al. (2005) conducted a receiver
function (RF) study in Ethiopia and Kenya. Data from 27 seismic stations within or
adjacent to the MER, mainly from the Ethiopia Broadband Seismic Experiment (EBSE)
project (Nyblade & Langston, 2002), were applied to measure the crustal thickness (H)
and Vp/Vs. Within the MER, the resulting H values vary from 27 to 38 km, and the
resulting Vp/Vs values vary from 1.80 to 2.21. Beneath the WEP and EEP adjacent to the
MER, the H measurements range from 33 to 44 km, and the Vp/Vs measurements range
from 1.66 to 1.84. For the single station (Station TEND) in the AD, the measured H and
Vp/Vs are 25 km and 2.16, respectively (Figure 2). The high Vp/Vs in the AD is possibly
caused by the mafic crust and partial melt, which is also supported by Ruegg (1975).

Figure 2. (a) Previous crustal thickness measurements. (b) Previous Vp/Vs
measurements. Green symbols represent measurements from Dugda et al. (2005), red
ones from Stuart et al. (2006), orange ones from Hammond et al. (2011), and purple ones
from Reed et al. (2014).
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Using seismic stations mainly from the Ethiopia-Afar Geoscientific Lithospheric
Experiment (EAGLE) project, Stuart et al. (2006) obtained crustal structure in the MER
based on RF analyses at 40 stations. Within the rift, the observed crustal thickness ranges
from 20 km at the northern part to 38 km at the southern part of the rift zone. On the
WEP, crustal thickness of 41 to 43 km was observed on the NW part, which is thicker
than that observed on the SW part (less than 40 km). These observations are consistent
with results from the receiver function study of Ayele et al. (2004), which obtained a
crustal thickness of ~40 km beneath two seismic stations in the central WEP. The
resulting Vp/Vs measurements within the MER increase to greater than 2.0 northward to
the triple-junction region. Outside the MER, the averaged Vp/Vs value on the WEP
(~1.85) is slightly greater than that on the EEP (~1.80).
Hammond et al. (2011) utilized H-Vp/Vs stacking analysis to image crustal
structure beneath the AD, the northern portion of the MER, and the adjacent areas of the
EP, using data from 48 stations mainly from the multinational collaborative Afar
Consortium (AFAR) project. The thickest crust of 45 km is found beneath the WEP,
while the thinnest crust of 16 km is observed beneath the incipient oceanic spreading
center at the northern part of the triple junction in the AD. They also obtained crustal
thickness of 20-26 km outside the currently active rift zones. The WEP shows crust with
Vp/Vs values varying between 1.7 and 1.9. Within the rift, the observed Vp/Vs values are
mostly greater than 2.0 beneath the current axis of the RSR, which are higher than those
beneath the eastern part of the AD (less than 1.9).
Using RFs recorded by 20 stations mainly from the Afar Lithosphere Imaging
Experiment (ALIE), Reed et al. (2014) obtained high-resolution images of the crust
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beneath the southeastern end of the RSR in the central part of the triple-junction area. The
resulting H measurements range from ~17 km near the RSR axis to ~30 km at the overlap
region of the RSR and GAR, with an average value of 22 ± 4 km. High Vp/Vs values
(greater than 2.0) were observed at most of the stations, which are indicative of pervasive
melting in the crust (Reed et al., 2014).
1.2.2. Seismic Tomography Studies. Makris & Ginzburg (1987) used six seismic
refraction profiles to investigate the northern MER and the Afar triple junction, and
observed an ~3 km thick sedimentary layer with P wave velocity of ~3.35 km/s and a
basalt layer with an average P wave velocity of ~4.5 km/s extending to the depth of ~6
km toward the axis of the RSR. Within the northern MER, from SW to NE, the resulting
crustal thickness ranges from 30 to 26 km, and in the triple junction region, the crustal
thickness, varying from 14 to 26 km, gradually decreases toward the Red Sea.
Using active-source seismic reflection/refraction profile across the MER,
Mackenzie et al. (2005) observed a 2- to 5-km-thick sedimentary cover beneath the
profile, along which the thickest sedimentary cover of ~5 km with P wave velocities of
~3.3 km/s was found beneath two of the four magmatic segments within the MER.
Crustal thickness varies from ~33 km at the WEP to ~30 km at the axis of the MER, and
increases toward the EEP reaching to ~36 km. Using the same data set used by
Mackenzie et al. (2005), Maguire et al. (2006) interpreted crustal structure along a rift
parallel and a rift orthogonal profile. The crust thins from ~36 km at the SW part of the
profile to ~25 km at the NE part. A 2- to 5-km-thick sedimentary cover was observed
beneath the rift-axial profile with an average P wave velocity of 4.2 km/s. The existence
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of sediments in the upper crust is also supported by other tomographic studies (e.g.,
Keranen et al., 2009; Kim et al., 2012).
Dugda et al. (2007) conducted a joint inversion of surface wave group velocities
and receiver functions to investigate velocity structure beneath the MER and the southern
Afar. The resulting S wave velocity model shows crustal thickness beneath the EP
ranging from 35 to 44 km, which thins to 25 to 35 km in the MER and southern AD. The
surface wave tomography study conducted by Guidarelli et al. (2011) obtained group
velocity maps at the periods between 5 to 25 s. A significant low velocity anomaly (~ 20%) was observed beneath the sites of recent dyke intrusions at the Dabbadu and
Manda-Hararo magmatic segments in the AD, indicating the presence of unconsolidated
sediments. S wave velocities were inverted within an active magmatic segment, and a
low velocity zone (Vs ~3.2 km/s) between the depth of 6 and 12 km was revealed in the
crust, suggesting the presence of partial melt in the lower crust.

1.3. SIGNIFICANCE OF THE PRESENT STUDY
As demonstrated in Figure 2, none of the previous studies covered all the four
tectonic provinces (AD, MER, EEP, and WEP), preventing a direct comparison of crustal
characteristics among the provinces. Additionally, significant discrepancies exist in the
resulting crustal thickness and especially the Vp/Vs measurements obtained at the same
stations. Such discrepancies may have originated from the different data processing
parameters used in different studies, including the filtering frequencies, criteria for
selecting RFs, as well as the reference mean crustal velocity. The discrepancies are the
largest at stations in the AD and MER, where the presence of a low velocity sedimentary
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layer has been reported (Guidarelli et al., 2011). The bottom of the low velocity layer and
the free surface can produce strong reverberations that mask the converted phases from
the Moho (Yu et al., 2015; Zelt & Ellis, 1999). To our knowledge, none of the previous
RF studies (Figure 2) in this region attempted to remove the reverberations, which may
lead to erroneous H and Vp/Vs measurements. In this study, we utilize a deconvolutionbased reverberation-removal technique (Yu et al., 2015) to remove the effects of the lowvelocity sedimentary layer at a significant portion of the stations, and systematically
measure crustal thickness and Vp/Vs in all the four tectonic provinces in NE Africa.

2. DATA AND METHODS

2.1. DATA
The three-component broadband teleseismic data used in the study were recorded
by 140 seismic stations belonging to 4 projects, including the Ethiopia Broadband
Seismic Experiment (EBSE; Dugda et al., 2005; Nyblade & Langston, 2002), EthiopiaAfar Geoscientific Lithospheric Experiment (EAGLE; Stuart et al., 2006), multinational
collaborative Afar Consortium (AFAR; Hammond et al., 2011), and the Afar Lithosphere
Imaging Experiment (ALIE; Reed et al., 2014), within the area of 35°E - 44°E and 5°N 15°N (Figure 1). The entire data set has been archived at the Incorporated Research
Institutions for Seismology (IRIS) Data Management Center (DMC) and is publicly
accessible.
The seismic data requested were from earthquakes in the epicentral distance range
of 30° to 180° occurred over the period of January 2000 to December 2018, with a cutoff

84
magnitude (𝑀𝑐 ) calculated by 𝑀𝑐 = 5.2 + (∆ − ∆𝑚𝑖𝑛)⁄(180.0 − ∆𝑚𝑖𝑛) − 𝐷⁄𝐷𝑚𝑎𝑥 ,
where ∆ and 𝐷 are the epicentral distance in degree and focal depth in kilometer,
respectively, ∆𝑚𝑖𝑛 = 30°, and 𝐷𝑚𝑎𝑥 = 700 km (Liu & Gao, 2010). The requested
seismograms were windowed 20 s prior to and 300 s following the arrival of the first
theoretical compressional wave phase calculated according to the IASP91 Earth Model
(Kennett & Engdahl, 1991). A four-pole, two-pass band-pass Bessel filter with corner
frequencies of 0.08 and 0.8 Hz was applied to the original seismograms to enhance the
signal-to-noise ratio, and seismograms with a first-arrival signal-to-noise ratio greater
than or equal to 4.0 on the vertical component were retained. The remaining seismograms
were then converted into radial RFs utilizing the procedure of water level deconvolution
of Ammon (1991), with a water level value of 0.03. The resulting 37,089 high-quality
RFs were used in the study. RFs from stations that are less than 1.0 km from each other
were grouped together, and the combined station was given the name of the station with
the most recorded RFs in the group. After station combination, the number of stations
reduced from 140 to 115.

2.2. METHODS
Some regions of the study area are covered by sediments, pyroclastics, and lava
flows up to several kilometers in thickness (Behle et al., 1975; Berckhemer et al., 1975;
Lemma et al., 2010; Makris & Ginzburg, 1987). This low velocity layer can cause strong
reverberations that may mask the P-to-S converted phases (PmS and multiples) on the
RFs (Figure 3), leading to erroneous H and Vp/Vs measurements (Langston, 2011; Yu et
al., 2015; Zelt & Ellis, 1999). Here we apply a resonance-removal filter in the frequency
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domain (Yu et al., 2015) to remove or significantly reduce the reverberations. The
conventional H-Vp/Vs stacking technique (Zhu & Kanamori, 2000) was then employed
to determine the optimal H-Vp/Vs pair which corresponds to the maximum stacking
amplitude on the H-Vp/Vs plot. The spatially varying searching ranges for H and Vp/Vs
are determined with constraints from previous measurements. For all the 30 stations in
the WEP and EEP, the searching range for H is 25-45 km with a step of 0.1 km, and that
for Vp/Vs is 1.65-2.15 with an interval of 0.01. In the AD and MER, the searching range
for H is 15-35 km, and that for Vp/Vs is 1.75-2.35. The only exception is Station AD16
in the AD, where the searching range for Vp/Vs is changed to 1.85-2.45 to make the
measurement at this station to be consistent with those from neighboring stations.
Reliable H and Vp/Vs measurements cannot be made at some of the stations recorded a
limited number of high-quality RFs. Additionally, at some of the stations, the maximum
stacking amplitude cannot be unambiguously determined. As a result, among the 115
stations that recorded one or more RFs, 69 (or 60%) led to reliable H and Vp/Vs
measurements. Among those 69 stations, the original RFs from 18 (or 26%) were preprocessed with the reverberation removal filter. Figure 3 shows examples of the RFs and
corresponding H-Vp/Vs plots before and after the removal of the reverberations.
In addition to H and Vp/Vs, the maximum stacking amplitude corresponding to
the optimal H-Vp/Vs pair is also measured for each of the stations. The maximum
stacking amplitude, R, is a measure of the strength of the PmS and its multiples relative
to the amplitude of the direct P wave on the radial components. Previous studies (e.g.,
Bashir et al., 2011; Liu & Gao, 2010; Nair et al., 2006) indicate that R is related to the
sharpness of the Moho, which is the thickness of the transition layer between the crust

86
and mantle. A sharper Moho usually corresponds to larger R values and vice versa.
Additionally, velocity contrast across the Moho and the flatness of the Moho can also
affect the R value, as discussed in Liu & Gao (2010).

Figure 3. (a) Original RFs from Station AD07 (see Figure 4 for the location of this
station) plotted against back azimuth. The red trace is the result of simple time domain
summation of the individual RFs and demonstrates strong reverberations. (b) H-Vp/Vs
stacking using the original (i.e., pre-reverberation removal) RFs shown in (a). The black
dot denotes the maximum stacking amplitude. (c) Same as (a) but for RFs after removing
the reverberations using the approach of Yu et al. (2015). (d) H-Vp/Vs stacking using
reverberation-removed RFs shown in (c). (e) - (h) are the same as (a) - (d), respectively,
but for Station ANKE.
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The selection of a reference average crustal P wave velocity (Vp) is essential for
producing reliable H and Vp/Vs measurements using the technique of H-Vp/Vs stacking.
Using 27 stations within or adjacent to the MER, the RF study by Dugda et al. (2005) set
6.5 km/s as the reference velocity. Hammond et al. (2011) utilized Vp values ranging
from 6.15 to 6.25 km/s for stations in the Afar triple-junction area and the northern
portion of the MER. Reed et al. (2014) used a melting function (modified from
Watanabe, 1993) to calculate the reference Vp beneath different stations in the AD,
which ranges from 4.65 to 5.90 km/s. Stuart et al. (2006) also utilized varying Vp values
ranging from 6.1 to 6.5 km/s for stations located in the MER and EP. In this study, we
used a constant reference P wave velocity of 6.2 km/s for all the seismic stations, which
is consistent with the average crustal Vp estimated from the active-source seismic
experiment conducted across the MER and on the EP (Mackenzie et al., 2005; Maguire et
al., 2006). According to the synthetic test of Nair et al. (2006), if the used crustal mean
Vp is 5% higher than the real value, the crustal thickness will be overestimated by about
2.5 km, and the Vp/Vs will be underestimated by 0.01. The magnitude of the bias in the
resulting H and Vp/Vs is proportional to the magnitude of the bias of the applied Vp.
Therefore, the H and Vp/Vs values for a given station obtained by using a constant
crustal Vp of 6.2 km/s can be converted into more accurate values when more accurately
measured crustal Vp becomes available in the vicinity of the station.
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3. RESULTS

Resulting measurements for all the stations can be found in Table S1, and the RFs
and H-Vp/Vs plots similar to Figure 3 for each of the stations are shown in Figures S1S69. For the entire study area, the resulting H measurements range from 16.2 km beneath
Station HITE in the western part of the AD to 43.0 km beneath Station MECE in the
EEP, with an average value of 30.5 ± 7.1 km (Figure 4). The resulting Vp/Vs
measurements range from 1.70 at Station ADYE in the northernmost part of the WEP to
2.35 at Station AD16 in the central part of the AD, with an average value of 1.99 ± 0.16
(Figure 5). The averaged R value for the entire study area is 0.147 ± 0.054, with larger
values found along the axes of MER and RSR and in the northern part of the WEP, and
smaller values on the EEP, southern part of the WEP, and the AD with the exception of
the axis of RSR (Figure 6).

3.1. SPATIAL DISTRIBUTION OF H, VP/VS, AND R
3.1.1. Western Ethiopian Plateau. For the 24 seismic stations in the WEP, the
thickest crust is revealed at Station KORE (42.8 km) located near the northern part of the
boundary between the WEP and MER, while the thinnest crust of 25.7 km is found
beneath Station WUCE near the southern boundary of the WEP and AD (Figure 4). The
mean crustal thickness is 36.9 km with a standard deviation of 4.4 km. The resulting
Vp/Vs values range from 1.70 at Station ADYE to 2.14 at Station WUCE with an
average value of 1.89 ± 0.10. In general, the H values show a decrease while the Vp/Vs
measurements show an apparent increase toward the AD and MER. The mean R value in
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the WEP is 0.156 ± 0.048. Low R values (less than 0.1) are observed in the southern
part, and the observed R values generally increase northward reaching a maximum value
of 0.245 at Station GASE.

Figure 4. Resulting crustal thickness measurements from this study. Open triangles
represent stations in the WEP, diamonds for the EEP, circles for the AD, and squares for
the MER.

3.1.2. Eastern Ethiopian Plateau. The crustal thickness measured at the 6
stations in the EEP ranges from 31.7 km at Station HIRN located along the northern part
of the boundary between the MER and EEP to 43.0 km at Station MECE with an average
value of 37.8 ± 4.3 km, which is the largest average value among the four sub-regions.
The resulting Vp/Vs measurements range from 1.76 at Station ADEE to 1.89 at Station
GOBA near the southern part of the rift-plateau boundary. Both the average Vp/Vs value
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(1.83) and the corresponding standard deviation (0.05) are the smallest among the four
sub-regions. Unlike the gradual transition between the WEP and MER, the transition
from the thicker crust and lower Vp/Vs in the EEP to the thinner crust and higher Vp/Vs
in the adjacent MER takes place over a much shorter distance (Figures 4 and 5). The
mean R value in this area is 0.157 ± 0.023, which is comparable with that in the WEP.

Figure 5. Resulting Vp/Vs measurements. (a) The results are plotted using a continuous
color scale. (b) Same as (a) but plotted using a discrete color scale.

3.1.3. Afar Depression. The AD has the lowest average H value of 24.2 ± 3.4
km. The minimum value of 16.2 km observed at Station HITE is also the minimum value
for the entire study area. The maximum value of 31.0 km is observed at Station AD18 in
the central portion of the AD, between the RSR and GAR. Correspondingly, this region
has the largest average Vp/Vs value of 2.09 ± 0.13 among the 4 regions in the study area.
For most of the 27 stations within the AD, the resulting Vp/Vs measurements are larger
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than 2.00. The maximum value, which is also the maximum value for the entire study
area, is 2.35 observed at Station AD16, while the minimum Vp/Vs of 1.80 is found at
Station BOBE in the southeast corner of the AD. Comparing with the WEP and EEP, the
mean R value of 0.131 ± 0.063 is slightly smaller. The largest R values are concentrated
along the axis of the RSR, and gradually decrease outward.
3.1.4. Main Ethiopian Rift. For the 12 stations in the MER, Station AMME in
the central part of the MER has the thinnest crust of 23.2 km. Station LEME, located near
the boundary between the WEP and the MER, has the thickest crust of 33.0 km. The
average crustal thickness for this region is 28.2 ± 3.4 km. The smaller standard deviation
for H comparing with those in the WEP and EEP reflects a small lateral variations of
crustal thickness. The resulting Vp/Vs measurements are between 1.88 at Station MELE
and 2.26 at Station BUTA with an average value of 2.08 ± 0.13. The mean R value of
0.163 ± 0.048 is the largest comparing with the other three sub-regions. There is a clear
boundary in the spatial distribution of the R values between the southern MER and the
WEP and EEP (Figure 6).

3.2. COMPARISON WITH PREVIOUS STUDIES
Forty broadband seismic stations located mainly in the MER, EEP, and southern
portion of the WEP, from the EAGLE and EBSE projects, were utilized by Stuart et al.
(2006) to calculate H and Vp/Vs values. Among which, 22 stations were also used in our
study, and the reverberation removal filter was applied to 10 of them (red circles in
Figures 7a and 7b). Figures 7a and 7b show comparison of the results at the 22 common
stations. The mean H at the common stations is 36.3 ± 4.4 km in Stuart et al. (2006), and
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33.5 ± 6.1 km in our study. The mean Vp/Vs is 1.91 ± 0.12 in Stuart et al. (2006), and
1.97 ± 0.14 in our study. Two possible factors may be responsible for the slight
discrepancies in the results. First, the reference velocity used to calculate the crustal
thickness by Stuart et al. (2006), either 6.25 km/s or 6.50 km/s for the 10 common
stations that we processed using the reverberation removal filter, is higher than the value
of 6.20 km/s used in the present study. This ~1-5% difference in the mean crustal Vp
results in an over-estimated H by 0.5-2.5 km, and an under-estimated Vp/Vs by 0.0020.01 (Nair et al., 2006). Additionally, for stations atop a low-velocity sedimentary layer,
the amplitude of the first P-to-S phase from the bottom of the sedimentary layer can mask
the direct P wave, leading to a delayed first peak on the RFs (Yeck et al., 2013), which in
turn results in greater crustal thickness.

Figure 6. Resulting R measurements. Dashed lines represent Profiles A-A’ and B-B’ used
in Figure 9. BMS: Butajira magmatic segment; AGMS: Aluto-Gademsa magmatic
segment; BKMS: Boset-Kone magmatic segment; FDMS: Fentale-Dofen magmatic
segment; AMS: Angelele magmatic segment.
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Figure 7. Comparisons of H and Vp/Vs measurements obtained in this study and those in
previous RF studies. (a) Comparison of H measurements between this study and Stuart et
al. (2006). Red symbols represent stations that were processed with the reverberation
removal filter, and blue symbols represent ones that were not processed with the filter. (b)
Same as (a) but for comparison of Vp/Vs measurements. (c) and (d) Same as (a) and (b),
respectively, but for measurements in Hammond et al. (2011).

For the AD and the northern portion of the WEP, Hammond et al. (2011)
conducted H and Vp/Vs measurements at 48 stations belonging to the AFAR project. We
obtained reliable H and Vp/Vs measurements at 22 seismic stations, among which the
reverberation-removal filter was applied to five stations. The mean H at the common
stations in Hammond et al. (2011) is 29.9 ± 7.5 km, and in our study it is 29.6 ± 7.4 km.
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Generally our resulting Vp/Vs measurements are more consistent with those of
Hammond et al. (2011) than results in Stuart et al. (2006), and the largest discrepancy is
observed at Station HARE (Figure 7d). Our resulting Vp/Vs measurement for Station
HARE is 2.19, while it is 1.99 in Hammond et al. (2011). For the three stations (AD04,
AD07, and AD08) that are within 25 km from Station HARE, the Vp/Vs measurements
are 2.33, 2.07, and 2.24, respectively. Our resulting Vp/Vs value at Station HARE (2.19)
is more consistent with these values. Additionally, the reverberation-removal filter has
been applied to HARE (Figure S49). When the original RFs are used, the resulting Vp/Vs
value is 1.82, which is inconsistent with nearby stations. Therefore, the discrepancy can
be possibly attributed to the strong sedimentary reverberation at the station.
Our mean R value for the entire study area (0.147 ± 0.054) is comparable with
that measured in the stable Archean cratons in southern Africa by Nair et al. (2006).
According to Nair et al. (2006), the mean R for the Kaapvaal and Zimbabwe cratons and
the Limpopo Belt in southern Africa is 0.141 ± 0.058. The highest mean R of 0.176 ±
0.062 is observed in the Kaapvaal Craton with the exception of Bushveld Complex,
which is believed to be underlain by a 12-km-thick mantle-derived mafic layer beneath
the Moho. The decreased velocity contrast across the Moho is mostly responsible for the
reduction in R (Nair et al., 2006). In the Zimbabwe Craton, a significant difference in R
values is detected between the NE and SW portions of the craton, with mean values of
0.135 ± 0.027 in the former and 0.070 ± 0.013 in the latter area. The difference may be
caused by the magmatic intrusion from the mafic Okavango Dyke Swarm and the
associated lithospheric refertilization in the southwestern part of the craton (Nair et al.,
2006; Wang et al., 2019).
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The Colorado Plateau is characterized by a mean R value of 0.105 ± 0.007 which
is lower than that in the Basin and Range Province (0.181 ± 0.014) (Bashir et al., 2011).
The R measurements obtained on the Colorado Plateau are smaller than those obtained on
both the WEP (0.156 ± 0.048) and the EEP (0.157 ± 0.023). The low R values are
associated with the transportation of mafic lower crustal material from the Basin and
Range Province to the Colorado Plateau reducing the velocity contrast between the
mantle and the overlying crust. At Station TAM on the Hoggar Swell in NW Africa, the
R value in the volcanic Tefedest terrane 0.156 ± 0.003, which is comparable to typical
cratonic areas, while that in the non-volcanic Laouni terrane is 0.037 ± 0.003 (Liu &
Gao, 2010). The R value in the Laouni terrane is slightly smaller than our measured R
values of ~0.070 in the southern WEP and AD with the exception of those along the axis
of the RSR (Figure 6). Liu & Gao (2010) attributed the low R value to an underplated
mafic layer beneath the Moho. These R observations obtained in a diverse set of tectonic
environment provide insights for interpreting the anomalously small R measurements in
the study area.

4. DISCUSSION

4.1. WIDESPREAD MAGMATIC INTRUSION AND PARTIAL MELTING
For the study area, the Vp/Vs values range from 1.70 to 2.35 with a mean value of
1.98 ± 0.15, which is significantly (about 11%) higher than the mean value of 1.78 for
continental crust (Christensen, 1996). Several factors may be responsible for the higherthan-normal Vp/Vs values (Figure 8), including
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1). Contribution from a layer of continental flood basalts that is pervasively
present in this region (e.g., Pik et al., 1998; Rooney, 2017). Assuming a Vp/Vs of 1.84
for basalt and a normal crustal Vp/Vs of 1.78 (Christensen, 1996), a 2-5 km thick layer of
basalts would lead to an increase of ~0.2%-0.5% in Vp/Vs for a 35 km crust.
2). Intrusion of basaltic magma through diking. In the WEP and EEP, Jestin &
Huchon (1992) proposed that fissure-fed continental flood basalts erupted before the
main tectonic phases of rifting. In the AD, magma injections into the upper crust beneath
magmatic segments were observed by previous studies (e.g., Ayele et al., 2007; Grandin
et al., 2010). The Miocene and Plio-Quaternary volcanism in the AD and MER located
along the rift axis is more likely related to central vent-type eruptions due to the stronger
stretch and extension of the crust (Pik et al., 1998). This is consistent with our H and
Vp/Vs measurements, which show thinner crust and higher Vp/Vs within the AD and
MER (Figures 4 and 5).
3). Wide-spread crustal partial melting. For most of the study area, the observed
Vp/Vs is higher than the value of 1.84 for solid basalt, suggesting that intrusion and
extrusion of basaltic magma alone cannot account for the large Vp/Vs measurements.
Theoretical calculations demonstrate that crustal Vp/Vs is a continuous function of melt
fraction (Watanabe, 1993). Such a dependence is exponential for crustal silicates, e.g., the
Vp/Vs is about 1.82 for 0% melt and 1.90 for 5% melt, and increases to 2.05 at 10% melt
(Reed et al., 2014; Watanabe, 1993). While it is difficult to isolate the contributions of
partial melt from the other factors on the increasing in Vp/Vs, the large Vp/Vs values
observed beneath the AD, MER, and most portions of the WEP suggest the presence of
wide-spread partial melting in the crust. The highest melt fraction is inferred in the AD
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and MER (Figure 5b), where numerous active volcanoes are present. In the MER, the
Butajira magmatic segment (BMS) and Boset-Kone magmatic segment (BKMS) are
characterized by highest Vp/Vs and thinnest crust, respectively. Eruption of the Kone
volcano in the BKMS occurred as recently as 1810 AD (Harris, 1844). Controlled-source
seismic tomography studies (e.g., Keranen et al., 2004; Mackenzie et al., 2005) indicate
that P wave velocities of the upper crust (10 km depth) beneath the BKMS and BMS are
5-10% higher than those outside the magmatic segment, suggesting the presence of mafic
intrusions in the upper crust associated with the magmatic segments, an observation that
is also supported by a magnetotelluric study (Whaler & Hautot, 2006). These
observations are consistent with the existence of a higher fraction of partial melt beneath
the BKMS and the BMS than the other areas in the MER.

4.2. MIGRATION OF THE SPREADING CENTER OF THE RED SEA RIFT
The spreading rates between the Nubian and Arabian plates, the Arabian and
Somalian plates, and the Nubian and Somalian plates are ~16 mm/yr, ~18 mm/yr, and 3-6
mm/yr, respectively (Bendick et al., 2006; Bilham et al., 1999; Vigny et al., 2006). Due
to the differences in the spreading rates, the Afar triple junction has migrated
northeastward by ~160 km during the past 10 Myr (Kalb, 1995; McKenzie & Morgan,
1969). The previous N-S orientated RSR has rotated into a NW-SE orientation due to the
migration of the triple junction, forming a transition zone to the southwest of the present
rift axis. The RF study by Hammond et al. (2011) supported the hypothesis of
northeastward migration of the RSR. Due to the existence of thicker crust (~33.0 km) and
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lower Vp/Vs (~1.88) at the RSR transition zone, which suggests the inadequacy of partial
melt, Hammond et al. (2011) proposed that the migration of the RSR is jumpy.

Figure 8. Schematic diagrams showing the structure of the crust and uppermost mantle.
(a) Beneath the EP with the exception of southern part of the WEP, (b) beneath the WEP,
(c) beneath the RSR and MER, and (d) beneath the AD with the exception of the RSR.
Dikes with arrows represent partially molten ones, while those without arrows represent
solid ones.

Our results show pervasively thinned crust of ~24.0 km (Figures 4 and 9b) and
high Vp/Vs values of ~2.20 (Figures 5 and 9c) in the transition zone of the rift migration.
The resulting H and Vp/Vs measurements indicate the presence of gradual variation of
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partial melt beneath the transition zone, which in turn suggests a gradual-migration rather
than a jumpy-migration model. A gradual variation in melt fraction from the southwest of
the rift axis to the center of the axis observed by Reed et al. (2014) also indicates the
pervasive existence of partial melt.

Figure 9. (a) Elevation variation along Profile A-A’ shown in Figure 6. (b) Variation of
crustal thickness along Profile A-A’. (c) Variation of Vp/Vs along Profile A-A’. (d)
Variation of R along Profile A-A’. (e) - (h) Same as (a) - (d), but for Profile B-B’. AD:
Afar Depression; MER: Main Ethiopian Rift; WEP: Western Ethiopia Plateau; EEP:
Eastern Ethiopia Plateau; BKMS: Boset-Kone magmatic segment; RSRTZ: Red Sea Rift
transition zone.
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4.3. IMPLICATIONS OF THE ANOMALOUSLY LOW STACKING
AMPLITUDE
A couple of tectonically significant implications can be drawn from the spatial
distribution of the R measurements (Figure 6). First, the observed low R measurements in
the southern WEP and AD with the exception of the RSR may indicate a reduced velocity
contrast across the Moho beneath the area. Comparing with tectonically stable cratonic
areas such as the Kaapvaal and Zimbabwe cratons (Nair et al., 2006), the relatively low R
values can be explained by the existence of a mantle derived layer beneath the Moho
(Figure 8b and 8d) with a P wave velocity that is higher than that for the lowermost crust
but lower than that for the uppermost mantle (Keller et al., 1994; Liu & Gao, 2010; Voss
& Jokat, 2007). Magmatic underplating occurs when the driving pressure is inadequate to
push the magma to the surface, causing the magma to spread horizontally beneath the
Moho which is a major density discontinuity (Cox, 1993). One major difference between
these two low R zones is that the AD possesses anomaly high Vp/Vs values (Figure 5),
which is caused by the higher fraction of partial melt due to the stronger stretching within
the AD.
Second, the more fractured and thinner crust beneath the RSR and MER relative
to the rest of the study area provides a more favorable condition for the magma to travel
through the Moho and possibly reach the surface rather than spreading horizontally
beneath the Moho (Figure 8c). This difference in the emplacement depth of the magma
between the rifted areas and the rest (Figure 8) is consistent with the observation of
thicker basaltic sedimentary layer in the RSR and MER (e.g., Mackenzie et al., 2005;
Maguire et al., 2006; Makris & Ginzburg, 1987).
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5. CONCLUSIONS

Utilizing all the available broadband seismic data recorded in the Afar
Depression, the Main Ethiopian Rift, and the Ethiopian Plateau, systematic spatial
variations in crustal thickness, Vp/Vs, and amplitude of P-to-S converted phases from the
Moho are delineated. The anomalously high Vp/Vs values across most of the study area
indicate the presence of magmatic diking and partial melt in the crust. High Vp/Vs and
significant crustal thinning beneath the transition zone between the old and new axes of
the Red Sea Rift are in agreement with a gradual migration model of the rift axis, and low
stacking amplitudes observed beneath the southern part of the western Ethiopian Plateau
and Afar Depression with the exception of the Red Sea Rift can be explained by the
existence of an underplated magmatic layer beneath the Moho.
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APPENDIX

Table S1. Observations of crustal thickness (H) and Vp/Vs. RFs from the asterisked
stations were pre-processed using the reverberation removal procedure.
Station

Network

Latitude (deg.)

Longitude (deg.)

H (km)

k

R

N

Western Ethiopian Plateau
AAUS*

XI

9.035

38.767

35.5

1.98

0.066

43

ADYE

ZF

13.635

38.981

38.9

1.70

0.197

253

AKEE

ZF

10.888

39.168

37.3

1.95

0.141

102

ANKE*

YJ

9.593

39.734

38.6

2.01

0.108

71

BAHI

XI

11.574

37.393

39.4

1.88

0.179

42

BTIE

ZF

11.195

40.022

34.0

1.79

0.114

343

CHAE*

YJ

9.312

38.762

42.6

1.86

0.066

60

DELE*

XI

8.439

36.326

35.3

1.79

0.075

65

DERE

ZF

11.118

39.635

41.1

2.12

0.158

101

DMRK*

XI

10.308

37.729

38.1

1.87

0.202

96

GASE*

ZF

11.681

38.921

42.2

1.86

0.245

66

GUDE*

XI

8.967

37.765

35.6

1.90

0.116

34

GULE

2H

13.694

39.589

37.1

1.85

0.136

52

KOBE

ZF

12.151

39.630

28.2

1.89

0.166

160

KORE

ZF

10.427

39.934

42.8

1.87

0.210

214

KOTE

YJ

9.387

39.396

39.4

1.90

0.151

53

NEKE*

XI

9.089

36.523

33.2

1.83

0.177

56

SEKE

ZF

12.622

39.033

36.8

1.88

0.133

197

SENE

YJ

9.147

39.017

41.3

1.82

0.167

64

SHEE*

YJ

10.000

39.895

32.4

1.99

0.171

95

SMRE

ZF

13.198

39.211

37.1

1.80

0.147

229
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Table S1. Observations of crustal thickness (H) and Vp/Vs. RFs from the asterisked
stations were pre-processed using the reverberation removal procedure. (cont.)
TERC

XI

7.145

37.175

32.4

1.82

0.207

48

WUCE

ZF

11.512

39.606

25.7

2.14

0.196

137

YAYE

ZF

11.861

37.996

41.7

1.82

0.205

30

Eastern Ethiopian Plateau
ADEE

YJ

7.791

39.907

39.1

1.76

0.200

46

BEDE*

YJ

8.909

40.771

41.4

1.81

0.149

94

GOBA

XI

7.027

39.982

37.2

1.89

0.141

71

HIRN

XI

9.222

41.106

31.7

1.88

0.140

58

HYNE

ZF

9.315

42.096

34.4

1.80

0.167

267

MECE

YJ

8.594

40.324

43.0

1.81

0.143

66

Afar Depression
AD02

ZK

11.349

40.688

23.1

2.05

0.078

127

AD04

ZK

11.537

40.841

24.4

2.33

0.072

39

AD07*

ZK

11.727

40.990

22.8

2.07

0.078

44

AD08

ZK

11.776

41.028

20.8

2.24

0.191

62

AD09*

ZK

11.817

41.050

20.7

2.23

0.009

58

AD14

ZK

11.939

41.455

27.9

2.02

0.176

45

AD16

ZK

11.820

41.753

20.8

2.35

0.199

42

AD17

ZK

11.742

41.837

28.9

2.00

0.085

70

AD18

ZK

11.908

41.791

31.0

1.96

0.100

111

ADTE

ZF

11.122

40.757

25.1

2.20

0.093

205

BOBE*

ZF

10.380

42.572

26.3

1.80

0.140

63

BREE

ZE

12.170

41.188

25.3

1.89

0.195

172

CHIE

ZE

11.598

40.019

26.6

1.91

0.112

270

DALE

2H

14.229

40.218

22.3

2.17

0.071

266
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Table S1. Observations of crustal thickness (H) and Vp/Vs. RFs from the asterisked
stations were pre-processed using the reverberation removal procedure. (cont.)
DICE*

ZF

11.914

41.574

27.0

2.11

0.101

110

DIGE

ZE

12.328

40.273

18.6

2.18

0.278

221

ERTE

2H

13.446

40.497

29.6

2.12

0.229

84

FINE

ZE

12.068

40.316

22.3

1.98

0.096

415

HARE*

ZE

11.607

40.884

23.9

2.19

0.073

92

HITE

2H

13.101

40.317

16.2

2.12

0.108

216

LULE

2H

11.989

40.704

23.8

2.09

0.114

87

LYDE

ZF

12.054

41.926

28.0

2.25

0.089

158

SAHE

2H

12.040

40.977

21.7

2.03

0.218

505

SEME

ZE

11.793

41.004

24.0

2.07

0.217

289

SILE

ZE

12.407

41.188

24.2

2.03

0.126

237

SRDE

ZF

11.958

41.310

24.3

2.03

0.169

168

TRUE*

2H

12.484

40.315

23.5

1.98

0.115

268

Main Ethiopian Rift
AMME

YJ

8.303

39.093

23.2

1.99

0.217

62

ARBA

XI

6.067

37.556

27.8

1.93

0.120

144

AREE*

YJ

8.939

39.419

25.0

2.05

0.091

78

AWSE

ZF

8.990

40.170

30.1

2.04

0.097

80

BORE

YJ

8.746

39.554

24.2

2.20

0.164

65

BUTA

XI

8.117

38.382

26.6

2.26

0.221

22

HOSA

XI

7.564

37.857

30.8

2.17

0.234

19

LEME*

YJ

8.611

38.610

33.0

2.02

0.156

20

MELE

YJ

9.311

40.201

31.3

1.88

0.199

10

NAZA

XI

8.568

39.291

25.6

2.18

0.154

21

NURE

YJ

8.731

39.796

32.9

1.95

0.127

34
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Table S1. Observations of crustal thickness (H) and Vp/Vs. RFs from the asterisked
stations were pre-processed using the reverberation removal procedure. (cont.)
SELA

XI

7.973

39.132

27.6

2.25

0.172

41

Figure S1. H-Vp/Vs stacking of RFs from Station AAUS using the approach of Yu et al.
(2015) to remove reverberations. (a) Original RFs plotted against back azimuth. The red
trace is the result of simple time domain summation of the individual RFs and
demonstrates strong decaying periodic arrivals of the reverberations. (b) H-Vp/Vs
stacking using the raw RFs shown in (a). The black dot denotes the maximum stacking
amplitude. (c) Same as (a) but for RFs after removing the reverberations. (d) H-Vp/Vs
stacking using the filtered RFs shown in (c).

106

Figure S2. H-Vp/Vs stacking of RFs from Station ADYE. (a) The single red trace is the
result of simple time domain summation of the individual traces (black traces) plotted
against back azimuth. (b) H-Vp/Vs stacking using the RFs in (a).

Figure S3. Same as Figure S2, but for Station AKEE.
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Figure S4. Same as Figure S1, but for Station ANKE.

Figure S5. Same as Figure S2, but for Station BAHI.
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Figure S6. Same as Figure S2, but for Station BTIE.

Figure S7. Same as Figure S1, but for Station CHAE.

109

Figure S8. Same as Figure S1, but for Station DELE.

Figure S9. Same as Figure S2, but for Station DERE.

110

Figure S10. Same as Figure S1, but for Station DMRK.

Figure S11. Same as Figure S1, but for Station GASE.
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Figure S12. Same as Figure S1, but for Station GUDE.

Figure S13. Same as Figure S2, but for Station GULE.
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Figure S14. Same as Figure S2, but for Station KOBE.

Figure S15. Same as Figure S2, but for Station KORE.

113

Figure S16. Same as Figure S2, but for Station KOTE.

Figure S17. Same as Figure S1, but for Station NEKE.

114

Figure S18. Same as Figure S2, but for Station SEKE.

Figure S19. Same as Figure S2, but for Station SENE.

115

Figure S20. Same as Figure S1, but for Station SHEE.

Figure S21. Same as Figure S2, but for Station SMRE.

116

Figure S22. Same as Figure S2, but for Station TERC.

Figure S23. Same as Figure S2, but for Station WUCE.

117

Figure S24. Same as Figure S2, but for Station YAYE.

Figure S25. Same as Figure S2, but for Station ADEE.

118

Figure S26. Same as Figure S1, but for Station BEDE.

Figure S27. Same as Figure S2, but for Station GOBA.

119

Figure S28. Same as Figure S2, but for Station HIRN.

Figure S29. Same as Figure S2, but for Station HYNE.

120

Figure S30. Same as Figure S2, but for Station MECE.

Figure S31. Same as Figure S2, but for Station AD02.
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Figure S32. Same as Figure S2, but for Station AD04.

Figure S33. Same as Figure S1, but for Station AD07.
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Figure S34. Same as Figure S2, but for Station AD08.

Figure S35. Same as Figure S1, but for Station AD09.

123

Figure S36. Same as Figure S2, but for Station AD14.

Figure S37. Same as Figure S2, but for Station AD16.

124

Figure S38. Same as Figure S2, but for Station AD17.

Figure S39. Same as Figure S2, but for Station AD18.

125

Figure S40. Same as Figure S2, but for Station ADTE.

Figure S41. Same as Figure S1, but for Station BOBE.

126

Figure S42. Same as Figure S2, but for Station BREE.

Figure S43. Same as Figure S2, but for Station CHIE.

127

Figure S44. Same as Figure S2, but for Station DALE.

Figure S45. Same as Figure S1, but for Station DICE.

128

Figure S46. Same as Figure S2, but for Station DIGE.

Figure S47. Same as Figure S2, but for Station ERTE.

129

Figure S48. Same as Figure S2, but for Station FINE.

Figure S49. Same as Figure S1, but for Station HARE.

130

Figure S50. Same as Figure S2, but for Station HITE.

Figure S51. Same as Figure S2, but for Station LULE.

131

Figure S52. Same as Figure S2, but for Station LYDE.

Figure S53. Same as Figure S2, but for Station SAHE.

132

Figure S54. Same as Figure S2, but for Station SEME.

Figure S55. Same as Figure S2, but for Station SILE.

133

Figure S56. Same as Figure S2, but for Station SRDE.

Figure S57. Same as Figure S1, but for Station TRUE.
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Figure S58. Same as Figure S2, but for Station AMME.

Figure S59. Same as Figure S2, but for Station ARBA.
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Figure S60. Same as Figure S1, but for Station AREE.

Figure S61. Same as Figure S2, but for Station AWSE.

136

Figure S62. Same as Figure S2, but for Station BORE.

Figure S63. Same as Figure S2, but for Station BUTA.

137

Figure S64. Same as Figure S2, but for Station HOSA.

Figure S65. Same as Figure S1, but for Station LEME.

138

Figure S66. Same as Figure S2, but for Station MELE.

Figure S67. Same as Figure S2, but for Station NAZA.

139

Figure S68. Same as Figure S2, but for Station NURE.

Figure S69. Same as Figure S2, but for Station SELA.

140
REFERENCES

Ammon, C.J. (1991). The isolation of receiver effects from teleseismic P waveforms.
Bulletin of the Seismological Society of America, 81(6), 2,504-2,510.
Audin, L., Manighetti, I., Tapponnier, P., Metivier, F., Jacques, E., & Huchon, P. (2001).
Fault propagation and climatic control of sedimentation on the Ghoubbet Rift
Floor: insights from the Tadjouraden cruise in the western Gulf of Aden.
Geophysical Journal International, 144(2), 391-413. doi:10.1046/j.0956540x.2000.01322.x.
Ayele, A., Jacques, E., Kassim, M., Kidane, T., Omar, A., Tait, S., Nercessian, A., de
Chabalier, J.-B., & King, G. (2007). The volcano-seismic crisis in Afar, Ethiopia,
starting September 2005. Earth and Planetary Science Letters, 255(1-2), 177-187.
doi:10.1016/j.epsl.2006.12.014.
Ayele, A., Stuart, G., & Kendall, J.-M. (2004). Insights into rifting from shear wave
splitting and receiver functions: an example from Ethiopia. Geophysical Journal
International, 157(1), 354-362. doi:10.1111/j.1365-246X.2004.02206.x.
Barberi, F., & Varet, J. (1977). Volcanism of Afar: Small-scale plate tectonics
implications. Geological Society of America Bulletin, 88(9), 1,251-1,266.
doi:10.1130/0016-7606(1977)88<1251:VOASPT>2.0.CO;2.
Bashir, L., Gao, S.S., Liu, K.H., & Mickus, K. (2011). Crustal structure and evolution
beneath the Colorado Plateau and the southern Basin and Range Province: Results
from receiver function and gravity studies. Geochemistry, Geophysics,
Geosystems, 12(6), Q06008. doi:10.1029/2011GC003563.
Bastow, I.D., & Keir, D. (2011). The protracted development of the continent-ocean
transition in Afar. Nature Geoscience, 4(4), 248-250. doi:10.1038/ngeo1095.
Behle, A., Makris, J., Baier, J., & Delibasis, N. (1975). Salt thickness near Dallol
(Ethiopia) from seismic reflection measurements and gravity data. in Afar
Depression of Ethiopia: Proceedings of an International Symposium on the Afar
Region and Related Rift Problems, Held in Bad Bergzabern, FR Germany, April
1-6, 1974, pp. 156-167, Schweizerbart, Stuttgart, Germany.
Bendick, R., McClusky, S., Bilham, R., Asfaw, L., & Klemperer, S. (2006). Distributed
Nubia-Somalia relative motion and dike intrusion in the Main Ethiopian Rift.
Geophysical Journal International, 165(1), 303-310. doi:10.1111/j.1365246X.2006.02904.x.

141
Beyene, A., & Abdelsalam, M.G. (2005). Tectonics of the Afar Depression: A review and
synthesis. Journal of African Earth Sciences, 41(1-2), 41-59.
doi:10.1016/j.jafrearsci.2005.03.003.
Berckhemer, H., Baier, B., Bartelsen, H., Behle, A., Burckhardt, H., Gebrande, H.,
Makris, J., Menzel, J., Miller, H., & Vees, R. (1975). Deep seismic soundings in
the Afar region and on the highlands of Ethiopia. in Afar Depression of Ethiopia:
Proceedings of an International Symposium on the Afar Region and Related Rift
Problems, Held in Bad Bergzabern, FR Germany, April 1-6, 1974, pp. 89-107,
Schweizerbart, Stuttgart, Germany.
Bilham, R., Bendick, R., Larson, K., Mohr, P., Braun, J., Tesfaye, S., & Asfaw, L.
(1999). Secular and tidal strain across the Main Ethiopian Rift. Geophysical
Research Letters, 26(18), 2,789-2,792. doi:10.1029/1998GL005315.
Bridges, D.L., Mickus, K., Gao, S.S., Abdelsalam, M.G., & Alemu, A. (2012). Magnetic
stripes of a transitional continental rift in Afar. Geology, 40(3), 203-206.
doi:10.1130/G32697.1.
Christensen, N.I. (1996). Poisson’s ratio and crustal seismology. Journal of Geophysical
Research: Solid Earth, 101(B2), 3,139-3,156. doi:10.1029/95JB03446.
Chu, D., & Gordon, R.G. (1998). Current plate motions across the Red Sea. Geophysical
Journal International, 135(2), 313-328. doi:10.1046/j.1365-246X.1998.00658.x.
Courtillot, V., Achache, J., Landre, F., Bonhommet, N., Montigny, R., & Feraud, G.
(1984). Episodic spreading and rift propagation: New paleomagnetic and
geochronologic data from the Afar Nascent passive margin. Journal of
Geophysical Research: Solid Earth, 89(B5), 3,315-3,333.
doi:10.1029/JB089iB05p03315.
Courtillot, V., Armijo, R., & Tapponnier, P. (1987). Kinematics of the Sinai triple
junction and a two-phase model of Arabia-Africa rifting. Geological Society,
London, Special Publications, 28, 559-573. doi:10.1144/GSL.SP.1987.028.01.37.
Cox, K.G. (1993). Continental magmatic underplating. Philosophical Transactions of the
Royal Society of London, A, 342(1663), 155-166. doi:10.1098/rsta.1993.0011.
d’Acremont, E., Leroy, S., Beslier, M.-O., Bellahsen, N., Fournier, M., Robin, C., Maia,
M., & Gente, P. (2005). Structure and evolution of the eastern Gulf of Aden
conjugate margins from seismic reflection data. Geophysical Journal
International, 160(3), 869-890. doi:10.1111/j.1365-246X.2005.02524.x.
Davidson, A., & Rex, D.C. (1980). Age of volcanism and rifting in southwestern
Ethiopia. Nature, 283(5748), 657-658. doi:10.1038/283657a0.

142
Dugda, M.T., Nyblade, A.A., Julia, J., Langston, C.A., Ammon, C.J., & Simiyu, S.
(2005). Crustal structure in Ethiopia and Kenya from receiver function analysis:
Implications for rift development in eastern Africa. Journal of Geophysical
Research: Solid Earth, 110(1), B01303, 1-15. doi:10.1029/2004JB003065.
Dugda, M.T., Nyblade, A.A., & Julia, J. (2007). Thin lithosphere beneath the Ethiopian
Plateau revealed by a joint inversion of Rayleigh wave group velocities and
receiver functions. Journal of Geophysical Research: Solid Earth, 112(8),
B08305. doi:10.1029/2006JB004918.
Ebinger, C.J., & Casey, M. (2001). Continental breakup in magmatic provinces: An
Ethiopian example. Geology, 29(6), 527-530. doi:10.1130/00917613(2001)029<0527:CBIMPA>2.0.CO;2.
Ebinger, C.J., Yemane, T., WoldeGabrial, G., Aronson, J.L., & Walter, R.C. (1993). Late
Eocene-Recent volcanism and faulting in the southern main Ethiopian rift.
Journal of the Geological Society, 150(1), 99-108. doi:10.1144/gsjgs.150.1.0099.
Grandin, R., Socquet, A., Doin, M.-P., Jacques, E., de Chabalier, J.-B., & King, G.C.P.
(2010). Transient rift opening in response to multiple dike injections in the Manda
Hararo rift (Afar, Ethiopia) imaged by time-dependent elastic inversion of
interferometric synthetic aperture radar data. Journal of Geophysical Research:
Solid Earth, 115(B9). doi:10.1029/2009JB006883.
Guidarelli, M., Stuart, G., Hammond, J.O.S., Kendall, J.M., Ayele, A., & Belachew, M.
(2011). Surface wave tomography across Afar, Ethiopia: Crustal structure at a rift
triple-junction zone. Geophysical Research Letters, 38(24), L24313.
doi:10.1029/2011GL046840.
Hammond, J.O.S., Kendall, J.-M., Stuart, G.W., Keir, D., Ebinger, C., Ayele, A., &
Belachew, M. (2011). The nature of the crust beneath the Afar triple junction:
Evidence from receiver functions. Geochemistry, Geophysics, Geosystems,
12(12), Q12004. doi:10.1029/2011GC003738.
Harris, W.C. (1844). The highlands of Ethiopia. Vol. 3, Langman, Brown and Langman,
London.
Hayward, N.J., & Ebinger, C.J. (1996). Variations in the along-axis segmentation of the
Afar Rift system. Tectonics, 15(2), 244-257. doi:10.1029/95TC02292.
Hofmann, C., Courtillot, V., Feraud, G., Rochette, P., Yirgu, G., Ketefo, E., & Pik, R.
(1997). Timing of the Ethiopian flood basalt event and implications for plume
birth and global change. Nature, 389(6653), 838-841. doi:10.1038/39853.

143
Jestin, F., & Huchon, P. (1992). Cinematique et deformation de la jonction triple Mer
Rouge, golfe d’Aden, rift ethiopien depuis I’Oligocene. Bulletin de la Societe
Geologique de France, 163(2), 125-133.
Kalb, J.E. (1995). Fossil elephantoids, Awash paleolake basins, and the Afar triple
junction, Ethiopia. Palaeogeography, Palaeoclimatology, Palaeoecology, 114(24), 357-368. doi:10.1016/0031-0182(94)00088-P.
Keller, G.R., Prodehl, C., Mechie, J., Fuchs, K., Khan, M.A., Maguire, P.K.H., Mooney,
W.D., Achauer, U., Davis, P.M., Meyer, R.P., Braile, L.W., Nyambok, I.O., &
Thompson, G.A. (1994). The East African rift system in the light of KRISP 90.
Tectonophysics, 236(1-4), 465-483. doi:10.1016/0040-1951(94)90190-2.
Kennett, B.L.N., & Engdahl, E.R. (1991). Traveltimes for global earthquake location and
phase identification. Geophysical Journal International, 105(2), 429-465.
doi:10.1111/j.1365-246X.1991.tb06724.x.
Keranen, K., Klemperer, S.L., Gloaguen, R., & EAGLE Working Group (2004). Threedimensional seismic imaging of a protoridge axis in the Main Ethiopian rift.
Geology, 32(11), 949-952. doi:10.1130/G20737.1.
Keranen, K.M., Klemperer, S.L., Julia, J., Lawrence, J.F., & Nyblade, A.A. (2009). Low
lower crustal velocity across Ethiopia: Is the Main Ethiopian Rift a narrow rift in
a hot craton? Geochemistry, Geophysics, Geosystems, 10(5).
doi:10.1029/2008GC002293.
Kim, S., Nyblade, A.A., Rhie, J., Baag, C.-E., & Kang, T.-S. (2012). Crustal S-wave
velocity structure of the Main Ethiopian Rift from ambient noise tomography.
Geophysical Journal International, 191(2), 865-878. doi:10.1111/j.1365246X.2012.05664.x.
Langston, C.A. (2011). Wave-field continuation and decomposition for passive seismic
imaging under deep unconsolidated sediments. Bulletin of the Seismological
Society of America, 101(5), 2,176-2,190. doi:10.1785/0120100299.
Lemma, Y., Hailu, A., Desissa, M., & Kalberkamp, U. (2010). Integrated geophysical
surveys to characterize Tendaho geothermal field in north eastern Ethiopia. World
Geothermal Congress, Indonesian Geothermal Association, Bali, Indonesia.
Liu, K.H., & Gao, S.S. (2010). Spatial variations of crustal characteristics beneath the
Hoggar swell, Algeria, revealed by systematic analyses of receiver functions from
a single seismic station. Geochemistry, Geophysics, Geosystems, 11(8), Q08011.
doi:10.1029/2010GC003091.

144
Mackenzie, G.D., Thybo, H., & Maguire, P.K.H. (2005). Crustal velocity structure across
the Main Ethiopian Rift: results from two-dimensional wide-angle seismic
modelling. Geophysical Journal International, 162(3), 994-1,006.
doi:10.1111/j.1365-246X.2005.02710.x.
Maguire, P.K.H., Keller, G.R., Klemperer, S.L., Mackenzie, G.D., Keranen, K., Harder,
S., O’Reilly, B., Thybo, H., Asfaw, L., Khan, M.A., & Amha, M. (2006). Crustal
structure of the northern Main Ethiopian Rift from the EAGLE controlled-source
survey; a snapshot of incipient lithospheric break-up. Geological Society, London,
Special Publications, 259, 269-292. doi:10.1144/GSL.SP.2006.259.01.21.
Makris, J., & Ginzburg, A. (1987). The Afar Depression: transition between continental
rifting and sea-floor spreading. Tectonophysics, 141(1-3), 199-214.
doi:10.1016/0040-1951(87)90186-7.
Manighetti, I., Tapponnier, P., Courtillot, V., Gruszow, S., & Gillot, P.-Y. (1997).
Propagation of rifting along the Arabia-Somalia Plate Boundary: The Gulfs of
Aden and Tadjoura. Journal of Geophysical Research: Solid Earth, 102(B2),
2,681-2,710. doi:10.1029/96JB01185.
Manighetti, I., Tapponnier, P., Gillot, P.Y., Jacques, E., Courtillot, V., Armijo, R., Ruegg,
J.C., & King, G. (1998). Propagation of rifting along the Arabia-Somalia Plate
Boundary: Into Afar. Journal of Geophysical Research: Solid Earth, 103(B3),
4,947-4,974. doi:10.1029/97JB02758.
McKenzie, D.P., & Morgan, W.J. (1969). Evolution of triple junctions. Nature,
224(5215), 125-133. doi:10.1038/224125a0.
McKenzie, D.P., Davies, D., & Molnar, P. (1970). Plate tectonics of the Red Sea and East
Africa. Nature, 226(5242), 243-248. doi:10.1038/226243a0.
Mohr, P.A., & Zanettin, B. (1988). The Ethiopian flood basalt province. Continental
Flood Basalts, 63-110.
Nyblade, A.A., & Langston, C.A. (2002). Broadband seismic experiments probe the East
African rift. EOS, Transactions, American Geophysical Union, 83(37), 405, 408409.
Nair, S.K., Gao, S.S., Liu, K.H., & Silver, P.G. (2006). Southern African crustal
evolution and composition: Constraints from receiver function studies. Journal of
Geophysical Research: Solid Earth, 111(2), B02304. doi:10.1029/2005JB003802.

145
Pik, R., Deniel, C., Coulon, C., Yirgu, G., Hofmann, C., & Ayalew, D. (1998). The
northwestern Ethiopian Plateau flood basalts: Classification and spatial
distribution of magma types. Journal of Volcanology and Geothermal Research,
81(1-2), 91-111. doi:10.1016/S0377-0273(97)00073-5.
Reed, C.A., Almadani, S., Gao, S.S., Elsheikh, A.A., Cherie, S., Abdelsalam, M.G,
Thurmond, A.K., & Liu, K.H. (2014). Receiver function constraints on crustal
seismic velocities and partial melting beneath the Red Sea rift and adjacent
regions, Afar Depression. Journal of Geophysical Research: Solid Earth, 119(3),
2,138-2,152. doi:10.1002/2013JB010719.
Rooney, T.O. (2017). The Cenozoic magmatism of East-Africa: Part I – Flood basalts
and pulsed magmatism. Lithos, 286-287, 264-301.
doi:10.1016/j.lithos.2017.05.014.
Ruegg, J.C. (1975). Main results about the crustal and upper mantle structure of the
Djibouti region. in Afar Depression of Ethiopia: Proceedings of an International
Symposium on the Afar Region and Related Rift Problems, Held in Bad
Bergzabern, FR Germany, April 1-6, 1974, pp. 120-134, Schweizerbart, Stuttgart,
Germany.
Stuart, G.W., Bastow, I.D., & Ebinger, C.J. (2006). Crustal structure of the northern Main
Ethiopian Rift from receiver function studies. Geological Society, London,
Special Publications, 259, 253-267. doi:10.1144/GSL.SP.2006.259.01.20.
Tesfaye, S., Harding, D.J., & Kusky, T.M. (2003). Early continental breakup boundary
and migration of the Afar triple junction, Ethiopia. Geological Society of America
Bulletin, 115(9), 1,053-1,067. doi:10.1130/B25149.1.
Vigny, C., Huchon, P., Ruegg, J.-C., Khanbari, K., & Asfaw, L.M. (2006). Confirmation
of Arabia plate slow motion by new GPS data in Yemen. Journal of Geophysical
Research: Solid Earth, 111(2), B02402. doi:10.1029/2004JB003229.
Voss, M., & Jokat, W. (2007). Continental-ocean transition and voluminous magmatic
underplating derived from P-wave velocity modelling of the East Greenland
continental margin. Geophysical Journal International, 170(2), 580-604.
doi:10.1111/j.1365-246X.2007.03438.x.
Wang, T., Gao, S.S., Dai, Y., Yang, Q., & Liu, K.H. (2019). Lithospheric structure and
evolution of southern Africa: Constraints from joint inversion of Rayleigh wave
dispersion and receiver functions. Geochemistry, Geophysics, Geosystems, 20(7),
3,311-3,327. doi:10.1029/2019GC008259.

146
Watanabe, T. (1993). Effects of water and melt on seismic velocities and their application
to characterization of seismic reflectors. Geophysical Research Letters, 20(24),
2,933-2,936. doi:10.1029/93GL03170.
Whaler, K.A., & Hautot, S. (2006). The electrical resistivity structure of the crust beneath
the northern Main Ethiopian Rift. Geological Society, London, Special
Publications, 259(1), 293-305. doi:10.1144/GSL.SP.2006.259.01.22.
WoldeGabriel, G., Aronson, J.L., & Walter, R.C. (1990). Geology, geochronology, and
rift basin development in the central sector of the Main Ethiopia Rift. Geological
Society of America Bulletin, 102(4), 439-458. doi:10.1130/00167606(1990)102<0439:GGARBD>2.3.CO;2.
Wolfenden, E., Ebinger, C., Yirgu, G., Deino, A., & Ayalew, D. (2004). Evolution of the
northern Main Ethiopian rift: birth of a triple junction. Earth and Planetary
Science Letters, 224(1-2), 213-228. doi:10.1016/j.epsl.2004.04.022.
Wolfenden, E., Ebinger, C., Yirgu, G., Renne, P.R., & Kelley, S.P. (2005). Evolution of a
volcanic rifted margin: Southern Red Sea, Ethiopia. Geological Society of
America Bulletin, 117(7-8), 846-864. doi:10.1130/B25516.1.
Yeck, W.L., Sheehan, A.F., & Schulte-Pelkum, V. (2013). Sequential H-k Stacking to
Obtain Accurate Crustal Thickness beneath Sedimentary Basins. Bulletin of the
Seismological Society of America, 103(3), 2,142-2,150. doi:10.1785/0120120290.
Yu, Y., Song, J., Liu, K.H., & Gao, S.S. (2015). Determining crustal structure beneath
seismic stations overlying a low-velocity sedimentary layer using receiver
functions. Journal of Geophysical Research: Solid Earth, 120(5), 3,208-3,218.
doi:10.1002/2014JB011610.
Zelt, B.C., & Ellis, R.M. (1999). Receiver-function studies in the Trans-Hudson orogen,
Saskatchewan. Canadian Journal of Earth Sciences, 36(4), 585-603.
doi:10.1139/e98-109.
Zhu, L., & Kanamori, H. (2000). Moho depth variation in southern California from
teleseismic receiver functions. Journal of Geophysical Research: Solid Earth,
105(B2), 2,969-2,980. doi:10.1029/1999JB900322.

147
SECTION

2. CONCLUSIONS

Seismological techniques of ambient noise tomography, receiver function
analysis, and joint inversion of surface wave dispersion and receiver functions were
applied for investigating lithospheric structures beneath the East African Rift System and
the Kalahari Craton. Our study indicates that:
(1) Crustal thinning is observed in several rift segments of the East African Rift
System, including the Red Sea Rift, Main Ethiopian Rift, Malawai Rift and
the Luangwa Rift, and the crust beneath the Malawi and Luangwa rifts has not
been adequately thinned to enable the development of syn-rifting volcanism;
(2) The extension of the crust in the East African Rift System leads to the velocity
reduction in crust that is attributable to the higher-than-normal temperature,
magmatic intrusion, and partial melt;
(3) Crustal partial melt is inferrd from the low velocity anomaly at the mid crust
beneath the Malawi Rift Zone and from anomalously high Vp/Vs
measurements in the Afar Depression, Main Ethiopian Rift, and the Ethiopian
Plateau;
(4) The elevated Vp/Vs and significant crustal thinning beneath the transition
zone between the old and new axes of the Red Sea Rift suggest a gradual
migration model of the rift axis;
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(5) The presence of underplating beneath the southern part of the Western
Ethiopian Plateau and the Afar Depression with the exception of the Red Sea
Rift can explain the low stacking amplitudes measured there;
(6) High shear wave velocities and lower density observed in the lithospheric
mantle beneath the unmodified area of the Kaapvaal Craton are consistent
with the basalt removal for the formation of continental tectosphere;
(7) Beneath the SW Zimbabwe Craton and the Bushveld Complex within the
Kaapvaal Craton, crustal thickening and higher crustal velocities can be
explained by magmatic intrusion and underplating, and the low shear wave
velocities and high density in the lithospheric mantle are most likely caused
by the mantle refertilization;
(8) In the collisional zone between the Zimbabwe Craton and the Kaapvaal
Craton, a thicker crustal root is found beneath the relatively lower elevation
Archean Limpopo belt, which can be interpreted by eclogitization of the
gabbro-rich lower crust;
(9) The high-velocity zone along the southern margin of the Namaqua-Natal
mobile belt is interpreted as a segment of stalled oceanic lithosphere.
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